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Waveguide as a Communication Medium 


By S. E. MILLER 
(Manuscript received March 238, 1954) 


The circular electric wave in round metallic tubing has an attenuation 
coefficient which decreases as the frequency of operation is increased. A corol- 
lary to this behavior ts the fact that any preselected attenuation coefficient can 
in theory be obtained in any predetermined diameter of pipe through the 
choice of a suitably high carrier frequency. The attenuation which is charac- 
teristic of microwave radio repeater links, about 2 db/mile, is in theory 
attainable in a copper pipe of about 2” diameter using a carrier frequency 
near 50,000 me. 

Scale-model transmission experiments, conducted at 9,000 mc, showed 
average transmission losses about 50 per cent above the theoretical value. 
These extra losses were due to (1) roughness of the copper surface and (2) 
transfer of power from the low-loss mode to other modes which can also 
propagate in the pipe. 

The latter effect may have serious consequences on signal fidelity because 
power will transfer (at successive waveguide imperfections) from the signal 
mode to unused modes and, after a time delay, back to the signal mode. 
This effect has been studied experimentally and theoretically, and 1t 1s con- 
cluded that (1) either mode filters must be inserted periodically to absorb the 
power in the unused modes of propagation, or (2) the medium itself must be 
modified to continuously provide large attenuations for the unused modes of 
propagation. The latter approach ts attractive in that zt also provides a solu- 
tion to the problem of bending this form of low-loss guide. 
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The general outlook, based on present knowledge, is that a waveguide sys- 
tem might transmit baseband widths as large as 100 to 500 me using a rugged 
modulation method such as PCM. Some form of regeneration ts likely to be 
required at each of the repeaters, which may be spaced on the order of 25 
miles. A total rf bandwidth of about 40,000 mc may be available in a single 
guide. 
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INTRODUCTION 


The circular electric wave in round metallic tubing possesses a prop- 
erty so unique that some early research workers doubted the reality of 
the wave. This unique property is an attenuation coefficient which, in a 
given pipe, decreases without limit as the frequency of operation is 7n- 
creased. In parallel wire, coaxial, or ordinary waveguide lines the “‘skin 
effect” at the surface of the conductor causes the loss to increase as the 
frequency increases indefinitely, so the predicted circular-electric-wave 
loss characteristic aroused considerable interest as soon as it was dis- 
covered by S. A. Schelkunoff and G. C. Southworth in the early 1930’s. 
Since that time considerable work has been done at Holmdel to explore 
the reality of the circular electric wave and to evaluate its usefulness to 
the Bell System. It is the purpose of this paper to report on the status 
of this work and to give a description of some of the basic characteristics 
of circular electric wave propagation. 

The Bell System is interested in knowing whether waveguide can be 
used as a long distance communication medium in the manner in which 
coaxial cable or the radio relay system is now employed. Our interest in 
long distance waveguides is due in part to the fact that radio-wave 
propagation through the atmosphere becomes progressively more se- 
verely handicapped by rain, water vapor and oxygen absorptions at 
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frequencies above 12,000 mc. Use of the spectrum above the 10,000- 
20,000 me region seems to require a sheltered transmission medium. 

Circular electric wave transmission may also find application in short 
connecting links, such as between subscribers requiring very broad band 
circuits, between two central offices as a multi-channel carrier link, or 
between a radio relay antenna site and a somewhat remote transmitter- 
receiver location chosen for accessibility. 

In each of these cases, the broad bands available in the microwave — 
portion of the spectrum, the complete shielding afforded by waveguides 
generally, combined with the low-loss properties of the circular electric 
wave would seem to provide an ideal transmission medium. We there- 
fore seek knowledge of the precision required in the waveguide and some 
indication of general system complexity to facilitate a judgment as to 
whether the cost will be competitive. 


ORDINARY VERSUS CIRCULAR ELECTRIC WAVES 


Let us approach a discussion of circular electric waves by considering 
their relation to the waveguides which are now used in our radio relay 
systems and which found widespread use in the radars of World War II. 
The vast majority of waveguides in commercial use now are rectangular 
in cross section and have dimensions large enough so that one and only 
one wave-type, usually called the ‘dominant mode”, can propagate. To 
simplify this discussion, such waveguides will be called ordinary wave- 
guides. Ordinary waveguides are analogous to coaxial or parallel-wire 
lines in many respects. Because only one mode can propagate, departures 
from an absolutely straight tube of constant cross section show up as 
reactance effects only. A dent in the side wall of the guide or of the co- 
axial, an abrupt change in cross section, or a twist or bend of the line all 
appear as non-dissipative reflection effects which may be cancelled at 
one frequency (or in one band of frequencies) by the addition of another 
compensating reactance at a point suitably located. A great many of the 
components used in ordinary waveguides, including the frequency 
selective filters, depend on such reactance cancellation effects in order to 
achieve satisfactory operation. 

Since the techniques for employing ordinary waveguides have been 
thoroughly explored, it is natural to inquire as to whether we can use 
them for communication purposes. We do use ordinary waveguides in 
lengths of the order of 100 feet and more to connect the antennas and 
repeaters in the 4,000 me (TD-2) radio relay system. The attenuation is 
excessive, however, for long-distance applications. The particular type 
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of brass rectangular waveguide used for TD-2 transmission lines has 
attenuation in excess of 50 db per mile, and use of the very best copper 
would only reduce the theoretical loss to about 40 db per mile. In order 
to reduce the loss in ordinary waveguides, just as in coaxial or parallel 
wire lines, one must go to lower frequencies. In particular, the theoreti- 
cal loss at a carrier frequency near 1000 mc is about 2 db per mile, which 
is about the same as the transmitter-to-receiver attenuation in our radio - 
relay systems. The waveguide in the 500-1000 me region would have 
cross-sectional dimensions on the order of one foot, would be cumber- 
some to handle and would involve rather largé material cost. In addi- 
tion, it turns out that such a waveguide would be useful in signal band- 
widths only a few me wide as a result of delay distortion, which will be 
discussed further in the ensuing discussion. Thus, we have concluded 
that ordinary waveguide is not very attractive as a transmission medium 
over distances on the order of a mile or more.’ 

It is true that the attenuation in any hollow metallic waveguide can 
be reduced to any desired extent at a given frequency by making the 
cross sectional area larger by a suitable factor. The penalty is that the 
transmission medium becomes capable of propagating energy in several 
characteristic ways, known as modes. The striking feature of a multi- 
mode transmission medium is that energy in one mode is entirely in- 
dependent and unaltered by the presence or absence of energy in one of 
the other modes. This situation is sketched diagrammatically in Fig. 1. 
Energy can theoretically propagate between 1 and 1’, between 2 and 2’, 
and between 3 and 3’ at the same time and in the same frequency band 
without mutual interference. The separate modes represent independent 
transmission lines which occupy the same space. The distinguishing fea-° 
tures of the various modes in a multi-mode waveguide are: (1) Velocity 
of propagation or phase constant, (2) Attenuation coefficient, and (8) 
Configuration of electric and magnetic field lines within the waveguide. 


\ 


Fig. 1 — Diagram of multi-mode waveguide transmission. 
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The fact that it is necessary to use a waveguide whose dimensions are 
large enough to permit the existence of a number of modes has far- 
reaching influence on the research being discussed here. Practically, the 
independence between the various modes of propagation is limited by 
tolerances of various kinds. In the multimode waveguide, changes in 
cross section or bends or twists require design attention with regard to 
mode purity as well as with regard to impedance match, and it is not 
permissible to insert arbitrarily shaped probes or irises for impedance 
matching purposes as is the common practice in ordinary waveguides. 
This means that a complete new technique is required for the old com- 
ponents, such as frequency-selective filters, hybrids, and attenuators, as 
well as for a new series of components such as pure mode generators and 
mode filters. 


THEORETICAL CHARACTERISTICS OF THE CIRCULAR ‘ELECTRIC WAVE 


Since it has been found necessary to use a waveguide in the multimode 
region in order to get the desired losses in a reasonable size waveguide, 
we may inquire as to which of the modes is best suited to our problem. 
At a given frequency the loss for any one of the modes may be reduced 
as much as is desired by making the cross sectional area of the guide 
large enough, but there is a mode for which the loss decreases with in- 
creasing guide size much more rapidly than for any other mode. This is 
the circular electric (TEo1) mode in straight round pipe. It turns out that 
no current flows in the direction of propagation in the metallic walls of 
a straight round pipe carrying the circular electric mode. It is the ab- 
sence of current in the direction of propagation which permits the circu- 
lar-electric-wave attenuation to decrease indefinitely as the frequency 
increases, and this difference between ordinary transmission lines and 
the circular-electric wave is further illustrated in Fig. 2. In the familiar 
parallel-wire line the electric field extends directly from one conductor 
to the other, resulting in charge accumulations at half-wave intervals 
along the axis of propagation and associated conduction currents in the 
copper wires. These conduction currents in the direction of propagation 
do not diminish as the frequency of operation increases, since they are 
associated with the energy transmitted to the end of the transmission 
line. With the circular electric wave the electric field lines close upon 
themselves, are always tangential to the conducting wall, and do not 
result in a charge accumulation on the walls due to the main energy flow. 
The wall currents which do flow are merely sufficient to prevent the 
propagating energy from spreading out as it would if the metallic walls 
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were not present, but these currents decrease rapidly with increasing 
frequency in a given waveguide size. Only in a straight circular pipe can 
all of the electric field lines close upon themselves, and only in 
the straight circular pipe does the attenuation approach zero at infinite 
frequency.* 





Fig. 2 — Sketch of the magnetic intensity (H), electric intensity (£) and 
Poynting Vector (P) for parallel-wire and circular-electric waveguides. Because 
the main energy flow (P) in the circular electric waveguide is associated with 
electric field lines that close on themselves and do not produce accumulations of 
charge on the metal walls, the wall currents and associated losses are very small. 


* For further discussion, see G. C. Southworth, Principles and Applications of 
Waveguide Transmission, D. Van Nostrand, Inc. pp. 175-178. 
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DIAMETER IN INCHES 





FREQUENCY IN MEGACYCLES PER SECOND 


Fig. 3 — Round guide diameter versus frequency for attenuation of 2 db/mile. 


As a consequence of the unusual loss versus frequency characteristic 
of the circular electric wave, the diameter required in order to achieve a 
given loss decreases as the carrier frequency increases. This is illustrated 
by the curves labeled TEo; in Figs. 3 and 4. All other waveguide modes 
(except higher-order circular-electric waves, TEo,) have a characteristic 
of the general form sketched for the dominant wave (TE) also shown 
in Figs. 3 and 4. The longitudinal wall currents contribute a loss com- 
ponent which rises at increasing frequencies due to skin effect; this ac- 
counts for the positive slope of the TE, curve at the right-hand side of 
Figs. 3 and 4. The negative slope of the TE: curves and of the left-hand 
portion of the TE, curves in Figs. 3 and 4 is a consequence of losses 
associated with the wall currents which prevent the wave from spread- 
ing as it would in an unbounded medium; these currents and the losses 
associated with them decrease as the operating frequency becomes 
farther removed from cut-off. 

For a loss of 2 db per mile Fig. 3 shows that a waveguide 7” in diam- 
eter is required in the frequency band near 4,000 me where the TD-2 
system operates. Whereas this may not be prohibitive in a connecting 
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DIAMETER IN INCHES 





FREQUENCY IN MEGACYCLES PER SECOND 


Fig. 4 — Round guide diameter versus frequency for attenuation of 13.2 db/ 
mile 0. 25 db/100 ft.). 


link application, the waveguide size is definitely too large for long- 
distance application. In the vicinity of 50,000 mc, however, Fig. 3 shows 
that the required waveguide size is on the order of 2”, and this is com- 
parable to the size of the present standard 8-pipe coaxial cable. From 
these simple calculations, it is evident that carrier frequencies in the 
vicinity of 50,000 mc or more are very desirable for long-distance wave- 
guide applications in order to minimize the size of the waveguide. 

Other reasons for wanting a high carrier frequency arise from a con- 
sideration of bandwidth. Any hollow conductor waveguide has a cutoff 
characteristic of the form sketched in Fig. 5. Above cutoff the group 
velocity approaches asymptotically to the velocity in an unbounded 
medium composed of the dielectric used in the waveguide. Because the 
group velocity varies across the frequency band, a signal being trans- 
mitted in a waveguide will experience delay distortion; the components 
transmitted at fo + Af (Fig. 5) would be delayed compared with their 
relation at the input to the line. When this delay is 180° a baseband sig- 
nal of frequency Af would be severely distorted regardless of the mod- 
ulation method, and this condition may be regarded as an upper limit to 
the usable bandwidths in the waveguide unless correction for delay 
distortion is employed. This particular type of phase distortion has 
been analyzed in unpublished papers, first by D. H. Ring and later by 
S. Darlington. The work of Darlington leads to the following relation 
between the parameters of the waveguide and the baseband width fy; 
associated with the 180° phase difference noted above: 


304 1/2 1 7 2\ 3/4 
fr = ee (cps) 
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where f is the carrier frequency (cps), v is the ratio of the waveguide 
cutoff frequency to the carrier frequency, and L is the line length in 
miles. 

From the above relation, the maximum baseband width available has 
been calculated for one mile of line as a function of carrier frequency 
with the loss held constant at 2 db per mile and 13.2 db per mile, and the 
results are plotted in Fig. 6. The conditions for these curves are directly 
comparable to those for which Figs. 3 and 4 were calculated. At a carrier 
frequency near 50,000 me, the circular electric wave in 2-inch diameter 
pipe makes available a baseband width on the order of 500 me for one 
mile of line, or 100 me for 25 miles of line. At lower frequencies, with the 
waveguide enlarged to hold the loss constant, there is less bandwidth 
available. 

The 13.2 db per mile condition (in a smaller diameter of waveguide) 
permits the use of approximately one-half the bandwidth available at 
the 2 db per mile condition. 

The above design considerations are the basis for concluding that the 
most attractive communication possibility is the use of carrier fre- 
quencies on the order of 50,000 megacycles and associated waveguide 
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Fig. 5 — Normalized group velocity versus normalized frequency for hollow 
metallic waveguides. 
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Fig. 6 — Base band width per channel versus frequency (for one-mile of wave- 
guide) using the circular electric mode, loss held constant by varying pipe diame- 
ter. 


diameters on the order of 1 to 2 inches. Having selected the general 
region which appears attractive, it is important to know the communi- 
cation characteristics of a given waveguide. Figs. 7 and 8 show the 
attenuation and bandwidth characteristics respectively for a 2-inch 
round copper tube. The theoretical loss (Fig. 7) for the TE: wave varies 
from 4 db per mile to 0.64 db per mile over the frequency range from 
30,000 to 100,000 mc. The higher order circular electric waves have 
somewhat more attenuation but may be found useful as auxiliary trans- 
mission channels for short distances. 

It is interesting and important, as will be pointed out later, to note 
that several of the higher order transverse electric waves have attenu- 
ation constants which may be within a factor of 3 to 6 times the attenu- 
ation for the circular electric wave. These waves, TE. and TE:3 , have 
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very little wall current flowing in the direction of propagation and there- 
fore approximate the low-loss properties of the circular electric wave 
family. Under certain conditions of mode coupling, which will be de- 
scribed at a later point, it is undesirable for the medium to be able to 
propagate modes with attenuation coefficients comparable to that of the 
mode which is used for communication purposes. 


SOME RESULTS OF TRANSMISSION EXPERIMENTS 


Transmission experiments have been conducted on the 500-ft wave- 
guide line shown in Fig. 9.* SRVGe for the line were set in concrete 
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Fig. 7 — Attenuation versus frequency for a 2” diameter round waveguide. 


*'This is the same line used for the work reported in Reference 1. Some of the 
experiments described in Reference 1 are also described here in order to furnish 
background for the new material. 


1220 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1954 


1500 








MEGACYCLES BASE BANDWIDTH PER CHANNEL 
FOR ONE-MILE WAVEGUIDE LENGTH 
b 
° 
ro) 


eet 








FREQUENCY IN MEGACYCLES PER SECOND 


Fig. 8 — Base band width per channel versus frequency for a 2” diameter pipe 
(one-mile waveguide length). 


and optically aligned so as to provide a waveguide straight within about 
1g” over its entire length. The philosophy behind this installation was 
the familiar one of providing for experimental purposes, as close to the 
ideal line as possible so that deviations could be created in a controlled 
manner. The inside diameter is about 4.73”, chosen to obtain the de- 
sired theoretical loss of about 2 db per mile at 9,000 mc, where measuring 
equipment was readily available. The difference between the major and 
minor inside diameters of the pipe was in the range 0.005” to 0.008” at 
the ends of the sections which averaged 20 ft in Jength. At the time this 
work was initiated, in 1946, generators of higher frequencies which would 
permit the use of smaller waveguides had not yet become available for 
use in this research. 

Tests were conducted on this line using a technique due to A. C. Beck,” 
and involving the layout of equipment shown in Fig. 10. Short bursts of 
RF energy approximately 49 microsecond in duration, were injected 
into the line at intervals of about three hundred microseconds. Except 
for two small holes through which to couple to the transmitter and 
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receiver, the waveguide line was short-circuited at both ends. The in- 
jected 149 microsecond pulse occupied at any instant a space interval of 
100 feet and therefore this pulse, while travelling from one end to the 
other between the short circuits, produced at the receiver coupling hole 
spurts of energy corresponding to the time when the pulse passed the 
sending end. Each such pulse passing through the receiver coupling hole 
was amplified, detected, and placed as a vertical deflection on the oscil- 
loscope. The horizontal deflection on the oscilloscope was a linear time 





Fig. 9 — Experimental waveguide installation, 5” diameter Holmdel line. 
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base having a duration of a few microseconds. In order to observe the 
received pulse after a selected number of trips back and forth down the 
waveguide, a variable delay was placed between the trigger and the 
oscilloscope horizontal deflection. The discussion which follows will 
refer to photographs of the oscilloscope under different conditions. By 
way of preparation, it may be stated that the pulse transmitted through 
the small hole in the end plate of the waveguide will excite a large num- 
ber of modes. There are, at 9,000 mc, approximately 40 modes which 
can propagate in this waveguide. Also, the coupling through the holes is 
so weak and the energy lost due to dissipation in the shorting plates is 
so small as to represent an attenuation which is small compared with the 
theoretical wall loss in the 500-foot long line. Therefore, as the pulse 
shuttles back and forth in the line, it will decay as though it had trav- 
elled on a straight long section of waveguide made up of 500-foot long 
segments identical to the single 500-foot section actually constructed. 
Fig. 11 shows a photograph of the oscilloscope displaying the time 
interval immediately following the transmitted pulse. The pulse at the 
extreme left represents the transmitted pulse which passes directly from 
the transmitter hole to the receiver hole on the end plate of the wave- 
guide. The blank time interval immediately following the transmitted 
pulse is about one microsecond long and represents the time of travel of 
energy down to the far end of the 500-foot line and back to the sending 
end. During this interval no pulses were received because the joints in 
the line produce little reflection. The first pulse after the transmitted 
pulse represents energy travelling in the mode which has the highest 
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Fig. 10 — Diagram of equipment used for pulse tests of waveguide transmission. 
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Fig. 11 — Photograph of cathode-ray tube presentation during the time inter- 
val immediately following the transmitted pulse. 


group velocity. Pulses immediately following this first received pulse 
represent energy travelling in other modes whose velocities are lower 
and which therefore require more time for the one round trip of travel. 
~ At the time 2At, we begin to observe pulses which have made two round 
trips in the line. If the transmitted pulse width were short enough, we 
could theoretically identify the mode in which the energy travelled by 
observing the time of arrival, since the velocities of propagation and the 
distance are known parameters. The 449 microsecond pulse used in 
these experiments is not short enough to allow this kind of resolution on 
an individual mode basis. Something on the order of five or six modes 
have velocities so nearly the same that they cannot be resolved as sep- 
arate pulses with the 149 microsecond pulse after a emele round trip in 
the 500-foot line. 

Fig. 12 represents the same condition as Fig. 11, except that the 
horizontal time base has been changed to display the interval 0 to 14Aé 
instead of the interval 0 to 2A¢. Fig. 12 shows fewer pulses in the time 
interval 6Aé to 12A¢ than in the time interval 0 to 6At. This is because 
energy travelling in some modes is attenuated more rapidly than that 
in other modes. For time delays greater than 10A¢ the received pulses 








At=0 





a aa ame aa aaa an a a | 


3 4 5 6 7 8 9 10 11 12 13 


— 
N-— 


Fig. 12 — Same as Fig. 11 except that a longer time interval is shown. 
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Fig. 14 — The effect of a mode filter in the 500-foot line. The unlabeled pulses in the lower part are in the TEo: mode. 


FOG] UTANAAON “IVNUNOL ‘IVOINHOUL WALSAS TIA AHL PZT 


WAVEGUIDE AS A COMMUNICATION MEDIUM 1225 


appear at regular intervals and with smoothly decaying amplitude. This 
behavior indicates that the major portion of the energy in the line was 
travelling in a single mode, and we deduced that this mode was TE: as 
follows: We observed that the velocity of propagation was near that for 
the T'Eo: mode by measuring the absolute time between pulses, aver- 
aged over many round trips. This excluded all but about 6 modes whose 
cut-off frequencies are near that of To. Measurement of transmission 
loss was made by observing the rate of decay of the received pulses 
averaged over 10 or more round trips. The measured loss was found to 
be approximately 3 db per mile compared to a theoretical value of 1.9 
db per mile for TE: propagation. It follows that propagation must have 





‘ Fig. 13 — Record of pulses after 40 miles of repeated traversal over the 500-foot 
ine. 


been taking place in the TE: mode, for all other modes near TEq in 
velocity have theoretical losses well in excess of the observed value. 

To summarize the effects shown in Fig. 12, a great many modes in- 
cluding TE: were launched by exciting the waveguide through a small 
aperture in the end plate. All these modes propagated back and forth in 
the line for a while, but due to the fact that TE): has appreciably less 
loss than the other modes, the energy remaining in the line after a suit- 
able time delay was substantially all in the TEo mode. This permitted 
measuring ‘TE: loss over a distance of many miles by allowing the energy 
to traverse the 500-foot line many times. 

Fig. 13 records three successive trips of a pulse which had travelled up 
and down the 500-foot waveguide for a total distance of 40 miles. The 
pulse shape was still essentially the same as that of the transmitted 
pulse, although background noise had become clearly visible. We cer- 
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tainly can conclude from this that circular electric wave transmission 
over great distances is possible. 

The long waveguide line also provided a very convenient way of dem- 
onstrating additional multi-mode transmission effects. For example, in a 
multimode medium we may use mode filters. One such filter may have a 
very low loss for the circular electric waves but very high loss to other 
waves. Such mode filters have been built, and Fig. 14 shows the trans- 
mission changes which result when introducing one. The upper half of 
Fig. 14 shows the photograph of the oscilloscope in the time interval 0 to 
11Ai¢ with no mode filter in the line. (This is the same as Fig. 12.) On 
introducing the mode filter into the waveguide, the received signal is 
altered as shown in the lower half of Fig. 14. We observed that energy 
propagating in the undesired modes has paced disappeared; it was 
absorbed by the mode filter. 

There are still a few small pulses in the lower half of Fig. 14 which 
cannot be in the TE, mode because of their time position. Starting at 
time 1.15Aé, there is a series of regularly spaced pulses in Fig. 14 labeled 
TE , and a single small pulse labeled TI); . The geometric placement 
of resistive material in the mode filter leads us to anticipate low filter 
losses for the entire circular electric (TEo,) family of modes, and there- 
fore the extra pulses were suspected of being in higher-order circular 
electric modes. Only two such modes, TEo2 and TE; , were above cut- 
off. The TEx3 pulse was tentatively identified by noting that its group 
velocity was 55 to 60 per cent of that of the TE: pulses. High attenua- 
tion in the TE.3 mode prevented additional 'TEo3 pulses from being 
observed. 

In the case of the TEx: series of pulses, it was possible to get a fairly 
accurate measure of relative group velocity, confirming the identifica- 
tion as TEx: . Note that the seventh TE»; pulse coincides with the sixth 
TEx pulse, and that the pulse at 7At shows on the TEo: train as being 
too large in amplitude. 

The smooth decay of the TE: train in the lower half of Fig. 14 in the 
interval At to 6Aé is in marked contrast to the corresponding pulse train 
in the upper half of the figure, and is graphic illustration of the im- 
portant effects that mode filtering can produce. 

Another very important transmission observation appeared during 
Mr. Beck’s experiments with the 5” diameter line. He observed that the 
attenuation, as measured by the amplitude decay of the shuttling pulse, 
was a function of the position of the piston at the far end of the line. 
Translations of the far end piston on the order of 10 to 40 centimeters 
changed the overall transmission from a condition in which the original 
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pulse shape was preserved for as many as 40 miles of travel (Fig. 13), to 
a condition wherein the shape of the pulse was badly distorted after only 
3 or 4 miles of travel. This general behavior is illustrated by the photo- 
graphs shown in Fig. 15. We will concentrate for the moment on the top 
two rows of photographs which record the pulse transmission in the bare 
waveguide as a function of distance of pulse travel for both favorable and 
unfavorable piston settings. However, all of the rows of the photographs 
were taken under such conditions as to permit direct comparison. 

The photographs at the extreme left end represent the outgoing pulse 
and the first echo pulses which travelled one round trip in the line, ap- 
proximately 340 yards. All the other photographs show two principal 
pulses which record two successive trips of the pulse as it passed the 
transmitting end (Fig. 10). The second photograph from the left repre- 
sents the pulse as it passed the sending end after 10 and 11 round trips. 
The third picture from the left records the 20th and 21st trip, the fourth 
picture the 30th and 31st trip, etc. The numbers placed directly beneath 
the individual photographs represent the relative sensitivity of the re- 
ceiver for that particular photograph. Reference receiver sensitivity was 
taken as the condition under which the 10th and 11th trip in the bare 
waveguide were recorded with a favorable piston setting (0 db beneath 
the photograph), and the designation —6 db under the adjacent photo- 
graph indicates that 6 db more receiver sensitivity was used in the latter 
case. The relation between display amplitude and actual pulse ampli- 
tude was approximately square law. The distance of pulse travel asso- 
ciated with each of the pictures is given at the bottom of the figure. 

Comparing the top two rows representing favorable and unfavorable 
piston positions, we note that the attenuation was appreciably differ- 
ent — the values being 2.6 db per mile and 3.1 db per mile respectively. 
Serious distortion of the transmitted pulse also occurred for the un- 
favorable piston setting. Since the receiver in the experiment was sensi- 
tive to very many modes, one might suspect that the spurious pulses 
which appeared at more than 7,000 yards with the unfavorable piston 
setting might represent energy present in some of the other modes. 
Actually, all of the pulses and wiggles shown in the photographs at 
ranges greater than 3,500 yards were in the circular electric mode. This 
was deduced by first noting that every two successive pulses were not 
appreciably different from each other (see Fig. 15). If some of the dis- 
tortion effects shown by the received pulse were due to energy being 
received in modes other than the signal mode, then successive pulses 
would be different in shape because the various modes have different 
phase constants. The very gradual change in pulse shape which did 
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Fig. 15 — Photographs of pulse transmission with both favorable and unfavorable piston settings at the end of the 500-ft. waveguide. 
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occur as the pulse travelled up and down the line had the general form 
of an amplitude component which led or lagged the signal pulse by a 
constant interval but which gradually increased in amplitude with in- 
creasing distance that the signal pulse had travelled. Note, for example, 
the growth of spurious peaks before and after the signal pulse in row 2 
of Fig. 15 at 3,500, 7,000, 10,500 and 14,000 yards of travel. 

The explanation of this behavior involves transfer of energy from the 
circular electric mode to one or more of the unused modes of propaga- 
tion and reconversion of the same energy back to the circular electric 
mode. This process is one of the characteristic features of multimode 
waveguide systems and is discussed at greater length in the following 
sections. 


MODE CONVERSION AND RECONVERSION AS A SIGNAL-LOSS EFFECT 


In beginning discussion of the mode conversion-reconversion phe- 
nomena, we take an idealized case of a dissipationless waveguide con- 
taining two deformities, Fig. 16. We assume a c-w signal entirely in the 
circular electric mode entering this waveguide. After passing the first 
deformity there will be energy present in some other mode, and this is 
designated as TX,. When the combination of TEo, + 7X, strikes the 
second deformity, another conversion takes place and the output will be 
a large TE. component, two smaller components in the unused mode, 
TX, and TX, , and astill smaller circular electric wave component, TEoy’ , 
which is due to reconversion of energy from 7'X, to the circular electric 
wave in traversing the second deformity. It can be shown’ that for the 
proper distance between two identical symmetrical deformities, the wave 
emerging from the line may be purely circular electric; the two compo- 
nents 7X, and TX. cancel each other under this condition. Another 
separation between the deformities results in a maximum energy trans- 
fer from circular electric to other modes. Therefore, it follows that any 
mechanism which varies the effective spacing between conversion points 
will produce conversion loss variations. This accounts for the change in 
the attenuation of the circular electric wave pulses in Fig. 15 as a function 
of the far end piston setting. 
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Fig. 16 — A distorted waveguide and the associated mode-conversion signal- 
loss effects. 
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MODE CONVERSION AND RECONVERSION AS AN INTERFERENCE EFFECT 


The mode conversion-reconversion phenomena can also produce a 
signal distortion or interference effect. Fig. 17 shows another idealized 
waveguide containing two deformities, but in this case we assume a 
short pulse in the circular electric wave as the input signal. The ampli- 
tude-time plots below the waveguide show the energy present in the 
circular electric and unused waves respectively at various physical points 
along the line. The key item in this diagram is the time displacement 
between the converted energy 7X and the circular electric wave energy 
at the input to the second deformity. This time difference appears as a 
result of propagation over an identical line length at two different group 
velocities which, in general, the circular electric and unused modes will 
possess. Since the signal and unused mode pulses strike the second de- 
formity at different times the second conversion process results in energy 
appearing back in the circular electric wave at a time separated from the 
signal pulse itself. When the distance between deformities is too short 
for the pulses to be resolved at the second deformation, the result will 
be a distortion of the signal pulse rather than the appearance of a separate 
pulse. 

The above very much simplified picture of the mode conversion and 
reconversion effects allows one to visualize several general properties of 
this phenomenon: . 

1. In general, there will be a large number of unused modes which will 
be coupled to the signal mode through the various imperfections in the 
transmission line. Since these unused modes have unequal phase con- 
stants, and since the imperfections will be randomly spaced along the 
line, the reconverted signal pulses in a time-division system will be spread 
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Fig. 17 — Signal interference effects due to mode conversion and reconversion. 


WAVEGUIDE AS A COMMUNICATION MEDIUM 1231 


out on the time scale rather than appear as a single well-defined distor- 
tion pulse. 

2. Because some of the unused modes of propagation have group 
velocities greater than the group velocity of the circular electric wave, 
the reconverted energy pulses may reach the receiving end of the trans- 
mission system before the signal pulse itself appears. 

3. The reconverted energy will, in general, be out of phase with the 
signal from which it was derived. When the differential time of travel in 
the unused mode is short, the principal effect of the conversion-recon- 
version process will be to distort the signal wave. When the differential 
time of travel in the unused mode becomes as large as the reciprocal of 
the modulation frequencies involved, the reconverted energy will appear 
more like an echo. In a time-division system such echo pulses would 
interfere with the pulses representing other signal components. Because 
of the large number of conversions contributing at random time delays, 
this “echo-interference” may be unintelligible. In this sense the inter- 
ference may be thought of as a noise effect, just as multi-channel cross- 
talk due to amplitude non-linearities in a single sideband AM system 
may be thought of as noise. 

4. The general case of a signal pulse, both preceded and succeeded by 
a series of reconverted energy pulses, is sketched in Fig. 18. It is quite 
apparent that if the reconverted signal pulses are allowed to become of 
the same order as the signal pulse itself, even a pulse code modulation 
system will be rendered inoperative. Other types of modulation will 
experience difficulty at appreciably smaller magnitudes of reconverted 
energy. . 

5. The level of the reconverted energy relative to the signal is deter- 
mined by the transmission medium. It is not possible to avoid this inter- 
ference by using more power at the sending end of the transmission link, 
for the interference rises with the signal. The need for low-noise receivers 
is just as acute as in other transmission systems, because better noise 
figure means that correspondingly less power is required from the trans- 
mitter. 

6. If the loss to the mode 7'X is very large in the region between suc- 
cessive waveguide imperfections, the 7X pulse can be attenuated to a 
negligibly small value before reaching the second deformation, thus pre- 
venting any significant reconversion back to the signal mode. 

7. Limits can be placed on the time delay between the signal energy 
and the reconverted energy returned to the signal mode. The lower limit 
on this time delay is obviously zero, corresponding to a series of imper- 
fections very close together. The upper limit can be taken as the differ 
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ence between the times it takes the signal mode and the unused mode 
to travel a distance in which there is a large difference between the ohmic 
losses in the unused-mode and signal mode. This concept may be ex- 
panded as follows: Energy is transferred at an imperfection located at 
coordinate 2; on the axis of propagation, producing an amplitude in 
unused mode a. At 2 on the axis of propagation the amplitude in mode 
x will be attenuated relative to the signal-mode amplitude at the same 
point by the factor 


eo ea ea) 


where a, and a; are the normal heat loss coefficients in mode x and the 
signal mode respectively. When the exponential factor is small enough 
(i.e., 22 large enough), reconversion will no longer be important com- 
pared to reconversion near 2: . For order of magnitude we might assume 
that 10 db more attenuation for the z-mode amplitude than for the sig- 
nal-mode amplitude would render further reconversion unimportant. 
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Fig. 18 — Schematic of signal distortion due to conversion and reconversion 
effects in a line with randomly placed conversion points. 
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Then we know the distance (2. — 21) from 


1.15 


(22 Se 21) = ayy 
The corresponding ‘upper limit”? on time delay between the signal and 


the reconverted energy in the signal mode is 


t = (22 — 21) (t — *) (1) 


Uz Vs 


where v, and v, are the group velocities in the mode x and the signal 
mode. 

It is well known that the unused modes of a circular electric waveguide 
have attenuation coefficients which are appreciably larger than attenua- 
tion coefficients for the circular electric wave itself. In the light of this 
attenuation to the unused modes plus the fact that the reconverted 
energy has undergone two mode conversion losses before it reaches the 
signal mode again, one might wonder whether the mode conversion- 
reconversion phenomenon would really be an important effect. The first 
indication that the magnitudes of the reconversion amplitudes are sig- 
nificant came during experimental work on the 5” diameter 9,000-mc 
line, described above in connection with Fig. 15. A more quantitative 
theoretical discussion which follows shows that the reconversion phe- 
nomena will continue to be important even when mode filters are intro- 
duced into the line. 

The effects of the mode conversion-reconversion process are very simi- 
lar to the effects of multipath transmission through the atmosphere. In 
microwave radio there are under unusual fading conditions 2 or 3 sub- 
sidiary signals, and these are representative of propagation over different 
path lengths in space but at the same velocity of propagation. In the 
waveguide, there will in general be a large number of subsidiary trans- 
mission paths, each of which corresponds to the identical distance of 
propagation but at velocities of propagation which are different for 
the various modes. The radio multipath phenomenon exists only occa- 
sionally, whereas the waveguide multipath phenomenon is a steady 
characteristic present 100 per cent of the time. Long-distance radio trans- 
mission in the 6-20 me region by way of the ionosphere encounters mul- 
ti-path effects more like those expected in the waveguide, with the excep- 
tion that waveguide multi-path effects are expected to have far greater 
short-time stability. 

Quantitative relations describing the conversion-reconversion process 
may be derived by considering an infinitely long waveguide composed of 


12384 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1954 


a series of identical sections each containing a single mode-conversion 
discontinuity at the midpoint. (The actual 500-foot line contains many 
conversion points, as will be discussed later, and is effectively repeated 
over and over as the pulse traverses the identical line many times.) A 
very short signal-pulse of unit amplitude is assumed as an input to the 
idealized line containing identical conversion points. After the first con- 
version point the amplitude in the unused mode is k and the amplitude 
in the signal mode is (1 — k’)’’”, where k is a measure of the size of the 
conversion irregularity. There is no reconverted wave at this point since 
there is no input to the first conversion point in the unused mode. After 
the second conversion point, however, there is a reconverted-wave am- 
plitude ke’, where 6, is defined below. After the n* conversion point, 
it may be shown that the amplitude in the signal mode is 


era (1 ade key (2) 


the amplitude in the unused mode is 
k( _ or = a 


+k — By oe 


com) (3) 
+k — bye feet 
(n—-1) 
+ ete. to + k(1 — BY 2 eft 
and the reconverted wave amplitude is 
(n-DKO-—& ace * bet ln-20y 
(n—2) 
+na~DrA— eR) Fr een 
(4) 
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in which 
= distance between adjacent conversion points 
a, and a, are the heat loss coefficients (applying to wave amplitudes) 
for the signal and unused modes respectively. 
6; and 8, are the phase constants for the signal and unused modes 
respectively. 


6, = —(a1 + jhi)z 
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0, = ls oe jBx)z 
k = amplitude of the converted wave for a single conversion point 
and for unit wave incident on the conversion point. 
In deriving the series represented by (2), (8) and (4), it is assumed that 
all of the converted power travels in the forward direction, and that re- 
flection effects are negligible. These conditions are typical of imperfec- 
tions in practical multi-mode waveguides. 

When the input pulse for the idealized line is sufficiently short, the 
various terms of (8) and (4) (representing successive conversions and 
reconversions) are non-overlapping pulses. It is instructive to write 
down the ratio of the signal-wave amplitude to the reconverted wave 
amplitude which is separated from the amplitude of the signal wave at 
the same point by the time difference z(1/vz — 1/v,), in which v, and 1 
are group velocities. This ratio is [ratio of (2) to the first term of (4)] 


(1 — k?) 
(n — 1)k’e. 2-9" (5) 





It is clear from this ratio that the signal wave may be smaller than the 
reconverted wave if » is sufficiently large. Physically, what happens is 
that the reconverted amplitude created at each successive conversion 
point adds in phase with the reconverted wave amplitude present at that 
point due to previous conversions and reconversions. This happens of 
course because the line contains identically spaced conversion points. 
With random location of conversion points, a less severe build-up of 
reconverted wave energy would certainly occur. 

The first and second reconverted pulses [i.e., the first and second terms 
in (4)] are separated by the time difference z(1/v, — 1/v,) and the ratio 
of the amplitude of the second to the first reconverted pulse is 


(n = 2) —(az—-ay)z 
Gaon (6) 


The largest amplitude existing in the unused mode at a point immedi- 
ately following the n‘* conversion is the component converted at the n‘” 
conversion point and the ratio of this component to the amplitude of 
the signal pulse after the n™ conversion is: 


k 


ce" oy 


Note that this ratio is independent of n. The unused-mode amplitude 
converted at the first conversion point is, after n trips and relative to 
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the signal pulse at the same point, 


k —(n—1)(a,—-04)2 
OLE Z (n—1)¢ 1) (8) 

These expressions show that the largest unused mode amplitude at any 
point in the line will be the one most recently converted from the signal 
wave and will be nearest to the signal pulse in time position. 

The sketch shown in Tig. 19 represents schematically the signal pulse, 
the unused mode pulse and the reconverted pulse amplitudes after n trips 
past the conversion point. It is interesting to note that the most recent 
(the n) conversion to the unused mode appears in a time position close 
to the signal pulse whereas the most recent reconversion appears at a 
time far removed from the signal pulse. 

Let us investigate the ratios (5) through (8) under conditions repre- 
sentative of those in the 5” diameter waveguide line. Row 2 of Figure 15 
shows that after 40 trips down and back on the 500-foot line, i.e., after 
80 trips past the center of this line (where there is assumed a single con- 
version point), the amplitude of the reconverted pulses which appear 
just before and just after the signal pulse are about equal to the signal 
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Fig. 19 — Sketch of pulse amplitudes in a line having equally spaced conversion 
points. 
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pulse. We may then set the ratio of signal-wave amplitude to the recon- 
verted-wave amplitude, as given by (5), equal to unity at n = 80. We 
know the theoretical values of the heat loss’ coefficients a, and a; for the 
unused and signal modes respectively. Allowing modest increase for 
surface roughness effects, we will assume the heat loss for the signal 
(TE) wave to be 0.2 db between conversion points (about 500 feet 
apart) and the loss for the unused mode to be about five times this or 
1 db between conversion points. Substituting these numbers into (5) we 
can solve for the conversion coefficient / which is necessary to obtain the 
observed equality between reconversion and signal wave amplitudes at 
the n = 80 point. Such a calculation yields a value of k of 0.117 and this 
implies a conversion loss which is 32 per cent of the heat loss for the sig- 
nal wave. Direct observations of mode conversion (to be described) 
show that the conversion losses in the 5” diameter line must be at least 
as large as this. Therefore, we have confirmed that the basic mechanism 
which we are discussing can indeed account for a break-up of the signal 
pulse of the general type actually observed. 

The calculated ratio of the second reconverted pulse compared to the 
first reconverted pulse from (6) for the nm = 80 condition described above 
is only —0.5 db, which shows that if we really had a single conversion 
point which could add exactly in-phase in the manner assumed, we 
would have in our photographs an even worse series of reconverted 
pulses than actually do appear. 

Again for the n = 80 condition in the 5” line the calculated amplitude 
of the unused mode component relative to the signal component at the 
same point is —18.5 db for the n’* conversion and, with the square law 
response of the display system, it is to be expected that such an ampli- 
tude would not be observed. This fits satisfactorily with the observation 
that the pulses in the 5” line, after 40 round trips, are all in the circular 
electric mode even though the conversion-reconversion process 1s 
significant. 

As already implied, the mode conversion situation for the actual 
500-foot line, which is represented by the photographs of Fig. 15, is 
more complicated than the idealized line just analyzed. First, note that 
in the case of the nonoverlapping pulses in the idealized line the position 
of the far end piston (i.e., the spacing between the conversion points) 
has no critical effect on the conversion and reconversion amplitudes. In 
the experiment (Fig. 15), far-end piston movements of a foot or so 
caused very significant changes in the observed conversion and recon- 
version. This is a consequence of the fact that in the physical 500-foot 
line, there were a large number of conversion points, and the pulse width 
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was not small enough to produce non-overlapping effects. If all of the 
conversions in the 500-foot length were between TE and a single addi- 
tional mode, then it may be shown that the piston position which would 
cause in-phase addition of components from one conversion point on 
successive traversals of the 500-foot line would also cause in-phase 
addition for the components from all of the other conversion points. 
However, in the physical line significant conversion takes place between 
TE; and three or more other modes, each of which has a different phase 
constant and each of which requires a different piston setting for in-phase 
(or out-of-phase) addition of components generated on successive trav- 
ersals. Whereas it is not possible to relate the shuttle-pulse observations 
of Fig. 15 to a simple quantitative theory, the general behavior of the 
experimental line is in qualitative agreement’ with the conversion- 
reconversion explanation. 

The favorable piston setting in Fig. 15 represents an infinite line in 
which approximate amplitude cancellation of mode conversion effects is 
achieved, whereas the unfavorable piston setting corresponds to an in- 
finite line in which approximate amplitude addition of mode conversion 
effects is experienced. Since the former is optimistic and the latter is 
pessimistic compared to what might be expected in a physical long line, 
it has been our practice to average the loss data obtained at the favorable 
and unfavorable piston positions. 

The expression (5) for the ratio of the signal pulse to the reconversion 
pulse shows that appreciable loss between the conversion points, repre- 
sented by the factor ¢ ““* *”’, is an effective way of reducing the recon- 
verted wave effects. During the early experiments it was found that 
mode filters did reduce the influence of the far end piston. In Fig. 15, 
rows 3 and 4, show records of the 5” line pulse transmission with a single 
mode filter at the sending end. The mode filter did not completely 
eliminate the phasing effects of the piston, and this may be expected for 
at least two reasons: (1) the mode filter itself may cause some mode 
conversion, and this mode conversion component will be influenced by 
the piston setting, and (2) the attenuation introduced by the mode filter 
is not sufficient to completely eliminate the wave components in the 
unused mode. 

Even in the presence of the best mode filter now available, row 4 of 
Fig. 15 shows that the conversion-reconversion phenomenon does take 
place. The reconverted pulse amplitudes show up at 7,000 yards in row 
4 as small distortions on the right hand side of the signal pulse, and these 
distortions grow in magnitude as we proceed to the right in the series of 
pictures representing more trips past the conversion points. 


WAVEGUIDE AS A COMMUNICATION MEDIUM 1239 


In the 5” line there are several modes for which the delay factor 
2(1/vz — 1/v) does not result in a separation between the reconverted 
pulse and the signal pulse until z is on the order of 5,000 feet. Thus, we 
might expect the conversion-reconversion phenomenon to broaden the 
signal pulse. This does indeed take place even for the favorable piston 
setting of the bare waveguide, as shown by the top line of pulses in 
Fig. 15. The pulses at the distance 3,500 yards are sharper than those 
pulses at the distance 27,700 yards. However, addition of the mode filter 
(which introduces negligible signal attenuation) does appreciably sharpen 
the pulse at the 27,700 yard distance (row 38). 

Thus, on the basis of pulse transmission observations on the 5” line 
and a simple theoretical analysis, we conclude that the conversion- 
reconversion phenomenon will be important in a waveguide system, and 
that it is important to have as much dissipation as possible present in the 
unused modes of propagation. 


ANALYSIS FOR CONTINUOUS MODE CONVERSION 


The traveling pulse type of theoretical analysis utilized in the pre- 
ceding section can be extended to describe a more realistic spatial dis- 
tribution of conversion points and to include a series of unused modes 
instead of only one. An extension of this type is required in order to cal- 
culate directly the behavior which might be expected in a waveguide 
composed of randomly disposed irregularities. 

A much simpler mathematical treatment, originally suggested to the 
writer by J. R. Pierce, is to assume uniform mode conversion along the 
direction of propagation and to represent this condition by a differential 
equation. An analysis of this type is attached as an appendix. The work 
includes the assumption of quadrature addition of conversion and recon- 
version components, and the total magnitude of such components given 
by the analysis may be thought of as the rms average of the conversion 
magnitudes in waveguide lines containing randomly located imperfec- 
tions. Any single line might show somewhat more or less conversion 
effects, a factor of +10 db probably being adequate to cover most lines 
containing randomly located imperfections. If practical lines show ap- 
preciable correlation between the spacings of the conversion points, the 
reconverted-wave magnitude would become greater. The analysis has 
the advantage of being simple and understandable and should give 
overall trends accurately. 

This analysis shows that the waveguide performance with regard to 
conversion-reconversion effects is completely specified with knowledge 
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of (1) the ratio of the conversion coefficient (az) to the true dissipation 
coefficient* in the signal mode (ay,), (2) the ratio of the heat-loss coeffi- 
cient of the unused-mode to that for the signal-mode (az;/a1,) , and (8) 
the length of the transmission line specified in terms of decibels of heat 
loss to the signal wave. For a given ratio of conversion-loss to heat-loss, 
the same ratio of signal-power to reconverted-wave power will be present 
for a long low-loss waveguide as for a short high-loss waveguide. This 
makes it important to determine the ratio of conversion-loss to heat-loss 
for waveguides of several nominal attenuation coefficients and to predict 
these effects theoretically insofar as it is possible. 

Another result of this analysis is plotted in Fig. 20, which shows the 
ratio of the signal power to the power in the unused mode at the end of 
the line, with transmission-line heat loss as the abscissa. These curves 
have been plotted for a fixed magnitude of conversion loss coefficient 
(diz) equal to 50 per cent of the true heat loss coefficient (a1) and for 
ratios (@2:/a1,), heat loss in the unused mode to heat loss in the signal 
mode, between 2 and 100. These values are typical of solid round wave- 
guide without mode filters. It is interesting to note in Fig. 20 that the 
magnitude of the unused mode power relative to the signal mode power 
reaches very nearly a constant value in a transmission line length of only 
1g to 1 db, except for extremely low ratios a,/ai,. Physically what is 
happening is that the unused mode power becomes dissipated through 
heat loss about as rapidly as it is created by mode conversion, after an 
initial short transmission line length. 

Fig. 21 shows the ratio of signal power to reconverted wave power as 
a function of transmission line length for the same conditions described 
in connection with Fig. 20. A heat loss ratio on the order of 2 to 10 is 
typical of important modes in solid round waveguide without the addi- 
tion of mode filters,t and Fig. 21 shows that the ratio of signal-to-recon- 
verted wave power for such a medium becomes poorer than 20 db for 
transmission line lengths longer than 1.5 to 2 db. Although there is some 
uncertainty as to the precise interpretation which may be placed on the 
signal power to reconverted wave power calculated in this manner, since 
the time relations in connection with a definite modulation method are 
not included, it seems evident that a solid copper tube without mode 


* There is a very significant difference between the effects of signal power loss 
to other modes through conversion and signal power loss due to dissipation in the 
waveguide walls. However, it does not matter here whether the latter be due to 
surface roughness, chemical impurity or just the theoretical minimum heat loss 
for ideal copper. Therefore, all of the heat loss effects are combined into the single 
coefficient, ai, . 

{ See the appendix for further discussion. 





IN DECIBELS 





Py 
Px 


10 LOGig 
oO 


axh _ 


HEAT LOSS RATIO ——=2 
Sth 





-10 
0.1 0.2 0.4 0.6 0.8 1.0 2 4 6 8 10 20 40 60 100 


TE, HEAT LOSS IN DECIBELS 


Fig. 20 — Ratio of TEo: signal power (P1) to X-mode power (P,.) versus line 
length for conversion coefficients (ai, and az1) equal to one-half the heat loss co- 
efficient (a,,). 


filters is very unlikely to be satisfactory for long distances as a communi- 
cation medium. However, the addition of mode filters will raise the heat 
loss to the undesired waves, and the latter improves the signal to re- 
converted-power ratio directly as the ratio of heat loss in the unused 
wave to heat loss in the signal wave. Thus, as shown on Figure 21, a 
heat loss ratio on the order of 500 would produce a ratio of signal power 
to reconverted wave power on the order of 20 db at a transmission line 
length of 60 db. It may be shown that the magnitude of the signal to 
reconverted wave power varies as the square of the conversion to heat 
loss coefficient ratio aiz/Qin . 

The sharp break downward on the right hand end of the curves for 
Qrn/Qin = 2 in Figs. 20 and 21 represents the condition wherein the 
power in the reconverted wave becomes comparable to the power re- 
maining in the signal wave. 

We next consider the improvement in signal fidelity which results 
from the introduction of ideal mode filters. We shall assume the ideal 
mode filters have a matched impedance for all modes, very high trans- 
mission loss to the unused modes, and no transmission loss for the signal 
- mode. The improvement in the ratio of signal power to reconverted wave 
power due to the addition of such filters is shown in Fig. 22. This plot 
has been calculated for a total line length of 20 db heat loss, but the 
conclusions are valid for any line length wherein the signal wave power 
remains appreciably larger than the reconverted wave power. We ob- 
served that mode filters improve the signal-to-reconverted-wave powers 
very slowly when placed far apart, typical improvements ranging be- 
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tween 2 and 8 db for 1 db separation between mode filters. The larger 
improvement is obtained when the heat loss in the undesired mode is 
more nearly comparable to the heat loss in the signal mode before the 
addition of the mode filter. For very small spacing between the mode 
filters, addition of the ideal mode filters improves the signal-to-recon- 
verted wave power by very large factors. 

A somewhat different form of effect due to the addition of mode filters 
is observed if the line before the introduction of the mode filter has a 
reconverted wave power larger than the signal power. Under this con- 
dition, relatively large mode-filter spacings bring about a large improve- 
ment in signal-to-reconverted wave power, but this is due to the very 
poor condition present before filtering. It is doubtful whether the trans- 
mission line would become very useful without rather strong mode 
filtering of the type represented in Figure 22. 

We may conclude that the mode filters should be placed very close 
together, preferably at spacings of less than .1 db heat loss to the signal 
wave. We may also conclude that the transmission of signals over dis- 
tances corresponding to the order of 60 db heat loss will require either 
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Fig. 22 — Improvement in P;/P, due to addition of mode filters. Total line 
length equals 20 db TEo: heat loss. (Plotted for aiz = 0.5 aiy). 


the spacing of mode filters at less than 0.1 db to the signal wave or use of 
a continuous form of transmission line having a ratio of heat loss in the 
unused mode to the heat loss in the used mode on the order of 500. 


DIRECT EVALUATION OF MODE CONVERSION MAGNITUDES 


The important influence that mode conversion effects are expected to 
exert on signal fidelity lead us to make direct evaluations of the con- 
version coefficients. The direct evaluation consisted of transmitting 
(actually or in imagination) a pure circular-electric wave into one end 
of a waveguide section and, by measurement or by calculation on the 
basis of known geometry, determining the relative magnitude of the 
power converted to the unused modes. 

The simplest experimental technique for analyzing mode impurities 
consists of a short radial probe at the guide wall. The radial probe re- 
sponds to energy in any mode of propagation except the circular electric 
family, and serves as a versatile instrument for measuring the order of 
magnitude of mode conversion effects. The limitations of the technique 
stem from (1) the fact that the probe responds to the vector sum of the 
amplitude of the radial electric field components of about 35 modes (in 
the 5” line case), and this sum varies with circumferential and longitudi- 
nal position of the probe even though the power present in the modes is 
constant; and (2) the fact that the sensitivity of the probe response to a 
given magnitude of power in the guide is variable from mode to mode, 


1244 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1954 


being (in an extreme case) 25 db greater for TEs: than for TE,; in the 
5” pipe. For the majority of modes, however, the latter variation is 43 
db, and the maximum probe response as a function of curcumferential 
and (to a limited extent) longitudinal position can be determined with- 
out excessive labor. 

The probe technique of mode conversion evaluation was first applied 
by M. Aronoff to the individual sections of the 5” diameter experimental 
line. He found that the average indication of conversion for the (ap- 
proximately) 20 ft. lengths of pipe was 29.5 db below the signal wave 
power; since the power loss due to dissipation in the walls for a 20 ft. 
section is about 27 db below the signal wave power, the individual pipe 
measurements gave an order-of-magnitude estimate of 0.55 for the ratio 
of conversion loss to heat loss (a1:/au,). Four mechanically distorted 
sections of line, previously considered satisfactory, were identified and 
discarded on the basis of this approach. 

A. C. Beck and M. Aronoff next applied the probe technique to the 
5” diameter line assembled into lengths of 145 feet, 270 feet, and 500 
feet. The indications of converted power were —17 db, —10.5 db, and 
—13 db respectively (at wavelengths near 3.2 cm) which is compatible 
with the hypothesis of random addition of a number of conversion com- 
ponents. Since the heat-loss power for the 500-foot line is about —13 db 
compared to the incident signal power, the 500-foot line radial probe 
measurement gave an order of magnitude estimate of 1.0 for aiz/ay,, in 
fair agreement with the value of 0.55 from single pipe measurements. 
The probe indication of conversion as a function of frequency for the 
500-foot line is plotted in Fig. 23, which shows that quite a number of 
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Fig. 23 — Probe recording of converted power in the 500-foot line. 
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conversion components were present; similar data were observed on the 
shorter lengths of line. 

Azimuthal distributions of probe response showed conclusively that 
very little conversion was present to the 13 TE,, and TM, modes 
having an index ‘‘n”’ of four or more. 

A much more precise though more elaborate method of evaluating the 
conversion coefficients involves use of coupled wave transducers.” Such 
devices respond to only one mode and have known sensitivities, and 
therefore permit truly quantitative measurements. (At the present time 
this approach requires a separate transducer for each mode to be evalu- 
ated, a somewhat cumbersome procedure, but in principal the mode 
transducers can be made “tunable” for a series of modes.) A. C. Beck 
and M. Aronoff applied this more accurate method of conversion coeffi- 
cient determination to several modes of the 500-foot line, and Table I 
shows the values averaged over the frequency band. 


TasLteE I — AverRAGE Ratio oF Conversion To TE), Heat Loss 
witH TE, ExciraTion 





Mode Qtx/aih 
TE 0.21 
TMi 0.05 
Tha 0.14 
TEs: 0.05 
TMoa <0.001 
Total 0.47 


The estimated absolute accuracy is between 10 per cent and 20 per 
cent for these ratios. The variation of the conversion coefficients as a 
function of frequency is shown in Fig. 24 for two of the important modes 
and for the total of the modes given in Table I. The total of the modes 
measured is consistent with the probe indications, though the accuracy 
of the latter is low enough that this should not be interpreted as proving 
there are no other important conversion contributors. 

The above direct evaluation of mode conversion in the 500-foot line 
yielded magnitudes that are sufficient to explain the conversion-recon- 
version process as already outlined. We wished to extend our experience 
with this particular line to higher-frequency lines which might be built 
and to absolute tolerances that might be placed on the construction of a 
new line. Toward this end, theoretical relations were derived by 8S. P. 
Morgan, Jr., for the mode conversions to be expected due to waveguide 
ellipticity, and due to the tilt and offset which may be expected to occur 
at the junction of two sections. Experimental work was done by M. 
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Fig. 24 — Observed conversion from TE; to TEy; , TE2: , and the sum of TEn , 
THe, TMi, TMo., and TEs: for the 500-foot line. 


Aronoff® at 9000 me on accurately created imperfections of the above 
types, and he found excellent agreement. We proceed to use the theory 
to compare the present line to a hypothetical 50,000 mc line. The re- 
sults are given in Table IT. 

These computations represent a single oval section or a single tilted 
or offset joint. The converted power varies as the square of the tilt angle, 
as the square of the offset distance, and as the square of the difference 
between the major and minor diameters. The total ratio of converted 
power to heat loss power depends on the number of conversions per unit 
length. For the accuracy of constructing a 2” diameter line assumed in 
Table II, the amount of mode conversion to be expected is not appre- 
ciably different from what appears attributable to known mechanical 
imperfections in the 500-foot line already discussed. 

Another waveguide property of interest is the way the mode conver- 
sion magnitudes vary across the frequency band in a fixed pipe, and 
‘Table III shows this for the 2” diameter line. 
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Taste II] — Mopr Conversion CoMPARISON OF 9000-mMc 4.732” 
DIAMETER LINE witH A Hyroruetican 50,000-mc 2” DiaAmMErEer LINE 




















Imperfection Magnitude of Converted Power 
Pipe Diameter Frequency 
Type Magnitude Percentage Mode 
inches Me 
Ovality 16* mils 4.732 9000 0.58%t TEs: 
Ovality 4* 2.0 50,000 0.18%t TEs 
Tilt le 4.732 9000 0.34% TE: 
Tilt L 2.0 50,000 2.0% TE, 
Offset 10+ mils 4.732 9000 0.008% TE. 
Offset 2.5t 2.0 50, 000 0.003% Tin 











* Difference between major and minor diameters. 

+ Separation of guide axes. 

{ These are upper-limit values, based on the length of the oval section of pipe 
which would produce maximum mode conversion, and based on a cross-sectional 
shape (trifoil) which would produce the maximum of mode conversion. 


It is interesting that two of the three conversion effects are essentially 
independent of frequency. Tilt at a waveguide junction introduces a 
phase-front error and would be expected to cause greater conversion 
effects at increasing frequencies. We shall see that bends produce a 
similar mode conversion, also due to a phase front error, that increases 
with increasing frequency. 


THE BEND PROBLEM 


The problem of transmitting the circular electric wave around bends 
was recognized as being important at an early date, and contributions to 
its solution were made by M. Jouguet,’” W. J. Albersheim,° 8. O. Rice,’ 
and the writer.® The essence of the problem is as follows: A bend in a 


TasLE II] — FREQUENCY VARIATION OF MopE CONVERSIONS IN 2” 
DIAMETER GUIDE 

















Imperfection Magnitude of Converted Power 
7 Mode 
Type Magnitude f = 24,000 mc f = 50,000 me | f = 75,000 mc 
Ovality 4 mils TEs, 0.22%* 0.18%* 0.20%* 
Tilt 1° TE: 0.41% 2.0% 4.8% 
Offset 2.5 mils TE, 0.003% 0.003% 0.003% 





* These are upper-limit values, based on the length of the oval section of pipe 
which would produce maximum mode conversion, and based on a cross-sectional 
shape (trifoil) which would produce the maximum of mode conversion. 
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round guide causes coupling between the circular electric wave (TE01) 
and the TMy wave, and in round solid pipe the TE, and TMy waves 
are degenerate, i.e., they have identical phase constants. This degen- 
eracy has the effect of bringing in phase all components transferred to 
TMy no matter how gradually the bend might take place. Theory 
neglecting dissipation’” shows that in a round pipe bent with any radius 
of curvature, the power will flow from the TE); mode to the TM; mode 
and back as a function of the total bend angle @ according to the relations 


TE amplitude = cos (7 4 (9) 
TM,” amplitude = sin (J 4 (10) 
where 
= Tv No 
"= 533 
No = free-space wavelength 


a = waveguide raduis 


A solid round pipe is unsatisfactory for transmission of the circular 
electric wave around bends in the broad bands we seek to use. 

One method of making the guide satisfactory in bends is to break the 
degeneracy between the TEo, and TMi waves. Use-of an elliptical pipe 
has been shown theoretically to be one way of doing this. For a 2” di- 
ameter guide at 50,000 me an eccentricity of about 0.3 permits a bending 
radius of 700 feet with theoretical bend losses in the range 0 to 0.17 db 
for any total bend angle; the heat loss coefficient for such an elliptic 
guide is about 35 per cent higher than for a perfectly round guide. 

Another method of avoiding bend losses is to introduce dissipation to 
the TMy, wave without adding loss to the TI49; wave. It has been shown” 
that a large difference between the attenuation coefficients of two coupled 
waves reduces the power transferred from the low-loss wave to the 
high-loss wave. Applied to the bend problem, this means that a struc- 
ture with increased TM; loss may be bent with less signal (TEo1) loss 
even though the phase constants might be degenerate. The reader is 
referred to the earlier paper’ for a more complete discussion. There exist 
several alternate forms of circular electric waveguide (to be discussed) 
which have an attenuation coefficient for TMi more than 5,000 times 
the attenuation coefficient for TE, . The calculated extra loss in the 
bend region for such structures and for solid round pipe has been plotted 
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Fig. 25 — Computed change in the 50,000 me TE attenuation coefficient due 
to bends in 1” and 2” diameter solid pipes and in modified guides having TMy 
attenuation coefficients larger (than in solid pipe) by a factor of 100. ag and a, are 
the bend-region and straight-line attenuation coefficients, respectively. 


as a function of bending radius in Fig. 25, assuming the TMy-TEn 
coupling due to the bend is the same in the altered guide as in solid 
round pipe. Whereas a bending radius of 17,500 feet causes a 100 per 
cent increase in TE; heat loss for 50,000 me waves in 2” diameter solid 
pipe, the modified structure with a TMi attenuation coefficient that is 
larger by a factor of 100 should tolerate a bending radius of 1,750 feet 
for the same heat loss increase. (The 50,000 me attenuation coefficients 
for ideal 1” and 2” copper pipes are 14.8 and 1.79 db/mile respectively.) 

For estimating purposes, the ratio of the extra loss per unit line length 
in the bend region to the straight line loss may be calculated for solid 
round pipes from the relation — 


10 6 
AB Os = 2.5 x 10 a (11) 
Qs do? le? 
and the absolute increase in attenuation due to a bend is* 
9.7 X 10°a° 
(ay — as) = ere (db/meter for copper guide) (12) 


* For small bend radii and bend angles less than 6, , this relation gives a greater 
loss than the correct value. See Figs. 22 and 23 of Reference 8 and also see Refer- 
ence 2. 
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where a; = straight line attenuation coefficient 
a, = bend region attenuation coefficient 
a = guide radius 
R = bending radius 


No = free space wavelength 
The approximations used in deriving (11) and (12) are good when the 
operating frequency is at least 50 per cent greater than cut off for TEKo . 
For guides modified to have higher TM, attenuation both (11) and (12) 
may be divided by the factor 


m 0 
QT™ 11 7 QATEo1 


(13) 





™m 0 
QTE @TM11 


where a” and a® denote attenuation coefficients for the modified guide 
and solid round guide respectively. On the assumption that the mode 
coupling is the same in the modified guide as in the solid round guide, 
use of (13) with (11) or (12) provides an estimate of bend losses in 
modified circular-electric waveguides. 

For a fixed ratio of bend-region attenuation to straightline attenua- 
tion, the allowable bending radius varies inversely as the square root of 
the ratio of TMu heat loss to TE: heat loss, varies inversely as \9” , and 
varies directly as the third power of guide radius. 

For fixed bending radius, the absolute bend loss varies inversely as 
\3”; since the straight line TE: loss varies directly as \3’”, bend losses 
tend to equalize the overall heat loss versus frequency characteristic of 
the waveguide. 


IMPROVED FORMS OF CIRCULAR ELECTRIC WAVEGUIDE 


In the preceding discussion it has been indicated that added dissipa- 
tion for the unused modes of propagation has the effect of decreasing 
signal losses and of reducing the interference effects associated with 
mode conversion. Dissipation can be introduced to the unused modes of 
propagation through the addition of mode filters at intervals along the 
line, but it appears very desirable to introduce the dissipation to the 
unused modes on a continuous basis. Several ways of making the line 
lossy to the non-circular electric modes have been found, and one is illus- 
trated in Figure 26. The copper rings lie in planes transverse to the 
direction of propagation and provide the conductivity required as a 
boundary for the circular electric wave family. Successive rings are 
insulated from each other, however, and the guide provides very poor 
conductivity in the longitudinal direction. All modes other than the 
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circular electric wave family have wall currents in the longitudinal direc- 
tion and experience considerably increased loss in the spaced-ring struc- 
ture compared to a solid-walled waveguide. A. G. Fox first observed that 
the spaced ring structure could be used to transmit circular electric 
waves around bends, and since that time additional work has been car- 
ried out by A. P. King and M. Aronoff. The observed loss for the spaced- 
ring structure under proper conditions was observed to be about 60 per 
cent more than the theoretical loss for an ideal copper tube, whereas the 
observed loss for the unused modes of propagation was on the order of 
1,000 to 5,000 times the circular electric wave value. 

The spaced-ring structure therefore has the electrical properties we 
seek. The higher-order circular waves exist with losses comparable to 
their values in a solid copper pipe, but fortunately the magnitudes of 
conversion between the waves of the circular-electric family have been 
found to be small. The spaced-ring structure does present some difficult 
problems with regard to fabrication. 

An analogous structure composed of a continuous helical conductor 
supported within a lossy housing has electrical properties which approxi- 
mate those of the spaced-ring structure, and the helix should be con- 
siderably easier to manufacture in long lengths. The helix might be 
expected to support a wave-type approximating the circular electric 
wave both from the standpoint of field distribution and loss when one 
observes that a helix of very small pitch presents almost circumferential 
conductivity as required by the circular-electric wave, and the very small 
longitudinal component necessary due to the finite wire size tends toward 
zero as the helix pitch tends toward zero. James A. Young of these 
laboratories has constructed helices in the 2 db/mile waveguide size (4.73” 
diameter at 9,000 mc) and found a heat-loss coefficient on the order of 
1.75 times the theoretical value for ideal copper pipe. These large ex- 
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Fig. 26 — Spaced-ring circular electric waveguide. 
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perimental helices were known to beimperfect, and in a smaller diameter 
of helix, losses within 15 per cent of the theoretical values for perfect 
copper pipe were achieved. These results lead us to regard the helical 
line as a very promising medium for circular electric waves. 


SURFACE ROUGHNESS 


Since frequencies on the order of 50,000 me are desirable for low-loss 
waveguide use, it was recognized that roughness of the surface at the 
waveguide walls might appreciably increase the heat loss in a practical 
waveguide. The first approach to this problem was made by W. A. 
Tyrrell using sections of 5 diameter copper pipe from the experimental - 
line. Tyrrell measured the heat-loss coefficients of the pipe when used as 
a resonant cavity at 9,000 mc in lengths on the order of 4 to 8 feet. Care- 
fully selected resonant conditions were employed to avoid bringing the 
unused modes of propagation into resonance at the same time that the 
circular electric wave was resonated. Whereas Tyrrell observed that the 
heat loss coefficient in the pipe as originally drawn was about 21 per cent 
higher than the value computed using the measured de conductivity, he 
found that rotary* grinding and polishing the inner surface of the guide 
reduced the excess loss to about 12 per cent. Tyrrell also observed that 
commercially drawn brass and 2S aluminum tubing of approximately the 
same dimensions showed measured losses 11 per cent and 20 per cent 
respectively greater than the value predicted from the measured de 
conductivity. Therefore, the indication from Tyrrell’s work was that 
surface roughness did indeed account for increased losses even at 9,000 
me, and that the excess losses could be reduced either by polishing the 
surface or through the use of lower conductivities (which have the effect 
of increasing the skin depth). | 

A parallel approach to the measurement of surface-roughness effects 
was made by A. C. Beck and R. W. Dawson, also at 9,000 mc.? Beck 
and Dawson used small wire samples as the center conductor of a coaxial 
cavity} and found that commercially drawn copper, aluminum and sil- 
ver wires showed loss values 10 per cent and 15 per cent higher than those 
expected from the measured de conductivity. By mechanically polishing 


* Because the wall currents for the circular electric wave are circumferential, 
the longitudinal surface scratches produced by drawing are in the worst possible 
orientation. Polishing was carried out in a rotary manner so that the current would 
not cross the scratches so induced. 

t In a coaxial, the currents are longitudinal, as are the scratches from drawing, 
so the measurements in the coaxial would be expected to show somewhat less 
excess loss due to surface roughness than the measurements made in circular-elec- 
tric waveguide cavities. 
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these same wires the losses were reduced to 5 to 8 per cent above the de 
values and, by electropolishing, copper wires were brought within 2 per 
cent of the theoretical value. 

An investigation of the effects of aging on the 9,000 me conductivity 
of copper surfaces was conducted jointly by Dawson, Tyrrell and Beck, 
using wires which were measured in the coaxial cavity.® They found (1) 
that the conductivity of untreated surfaces remained essentially sta- 
tionary when stored indoors; (2) that the conductivity of bare electro- 
polished surfaces deteriorated (over a period of months) to a value com- 
parable to that for commercially drawn wire; and (8) that a tight bonding 
coating very greatly slows down the aging process. 

Recent measurements made in the vicinity of 50,000 mc on a sample 
of commercially-drawn fine-silver waveguide have indicated that surface 
roughness effects increased the loss values by approximately 20 per cent. 

The overall conclusion would appear to be that it is now feasible 
commercially to produce waveguide surfaces which have excess losses 
due to surface roughness no greater than 20 per cent even at frequencies 
near 50,000 me, and that by refining the manufacturing method it may 
be possible to approach the ideal value more closely. In order to avoid 
aging effects, a tight-bonding coating and a protective atmosphere may 
be desirable. 


CIRCULAR ELECTRIC WAVE AND MILLIMETER WAVE TECHNIQUES 


A whole new line of components and techniques are required to carry 
out in the millimeter wave region the same functions that have always 
been required in a system application, i.e., power generation, amplifica- 
tion, frequency-band separation, hybrid division, amplitude and phase 
equalization, and so forth. With a view to ultimate use in a waveguide 
transmission system, basic research has been done on all of these ele- 
ments over a period of years at these Laboratories. 

The importance of primary oscillators and amplifiers to millimeter- 
wave systems is self-evident, and work has begun going forward in this 
difficult field under the direction of J. R. Pierce. The results have been 
published during the last several years. Pierce made the first 6 mm 
reflex klystron oscillator.” The first 6-mm amplifier, made by John 
Little, was a travelling wave tube using a conventional helix and it 
provided 3 db gain. Later, S. Millman” introduced the space-harmonic 
type of travelling-wave amplifier and built several which had over 20 db 
gain near 6 mm. R. Kompfner™ devised the backward-wave type of 
travelling-wave oscillator and built a tube which oscillated from about 
5mm to 8 mm. A. Karp” devised a simple structure for backward-wave 
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oscillators which has already resulted in 5 to 6 mm oscillators and which 
appears suitable for use at shorter wavelengths. * Recently; E. D. Reed 
produced a 5 to 6 mm reflex klystron.* 

R. 8. Ohl has continued his pioneering work on point-contact crystal 
converters and has made units for use at 6 mm having conversion losses 
of less than 8 db and output noise ratios on the order of three times basic 
thermal noise. Ohl also made point contact silicon units for use as har-- 
monic generators to permit the conversion of 24,000 me power to 48,000 
me power. His harmonic generators have proven invaluable as a source 
of millimeter wave power — essentially all of the radio research work 

done to date has been carried out using them. 
- Tn order to evaluate crystals and millimeter wave oscillators, it is 
essential to have an absolute power reference in the millimeter region, 
and work* has been done by W. M. Sharpless to establish such 
a reference. 

Up to the present time all of the amplifiers, oscillators and other 
circuit elements have employed dominant-mode rectangular waveguides 
in order to simplify the circuit design. Therefore, it is of importance to 
know how to transform a signal from a dominant-mode rectangular guide 
to the circular electric wave in round pipe. The first circular-electric- 
wave transducer made in these Laboratories was designed by A. P. King 
and had the form sketched in Fig. 27. This transducer is of the general 
type in which the metallic boundary of the waveguide is shaped to force 
the field lines in the cross section of the guide into the pattern character- 
istic of the desired output wave. In Fig. 27 the dominant-mode rectan- 
gular guide at the left end is gradually tapered to the sector of a circle; 
the size of this sector is small enough so that only one wave type can 
exist at this point, and the electric field lines are arcs of a circle. Next, the 
angle of the sector is gradually increased along the axis of propagation 
until at one point a cross section of the guide has the shape of a half 
circle. The size of the sectoral angle is continually increased, however, 
until finally the metallic sector of the circle disappears as a radial vane. 
When the taper is done gradually (an overall length of approximately 
10 to 15 wavelengths) the electric field lines remain arcs of a circle as 
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Fig. 27 — Circular-electric wave transducer (due to A. P. King). 





* A portion of this work was carricd out under Office of Naval Research Con- 
tract Nonr 687 (00). 
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Fig. 28 — Mode filters which pass only circular electric waves. 


they were in the sector at the left-hand end of Fig. 27, and the circular- 
electric wave emerges in the round pipe. This type of transducer has 
been shown to have transfer losses from dominant-mode rectangular 
guide to circular-electric wave in round pipe of approximately 0.3 db at 
24,000 me. Similar models have been made by A. G. Fox for use at 48,000 
me. 

Another important component is the mode filter previously referred to 
and which attenuates all wave types other than the circular electric 
wave family. One type of mode filter to perform this function is the 
spaced ring structure of Fig. 26 and another type, due to A. P. King, 
consists of resistive sheets along radial planes as shown in the photo- 
graph of Fig. 28. The circular electric wave family has no electric field 
in a radial direction or in a longitudinal direction. All other wave types, 
however, have radial-electric or longitudinal-electric field components 
and experience attenuation due to the presence of the resistive sheets. 

The coupled-wave type of transducer sketched in Fig. 29° is useful in 
connecting from dominant rectangular guides to the circular electric or 
other modes in round guide. This type of transducer makes use of the 
fact that the various modes in the multimode guide have unequal phase 
constants. The transfer of power from rectangular guide to the round 
guide takes place only to the particular round-guide mode whose phase 
constant is equal to that of the wave in the rectangular guide. This type 
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of transducer has the same geometric appearance (aside from exact 
dimensions) for any mode in the round guide and is attractive in that 
it presents a matched impedance to all the modes of propagation. This 
property may be used to combine a series of signals onto different modes 
in a single transmission line. The coupled wave transducer may also be 
employed to multiplex a series of frequency bands into one pipe. We 
may wish to employ the long-distance waveguide over the frequency 
band from perhaps 35,000 me to 75,000 me and will require a series of 
transducers to go from dominant mode guides in various portions of this 
band to the circular-electric wave in the round guide. Frequency-selec- 
tive coupled-wave transducers may be employed in the manner sketched 
in Fig. 30 to multiplex these frequency bands into the pipe for the long 
distance transmission. 

A. G. Fox™ has shown that dielectric waveguides are attractive as a 
flexible connecting link for terminal equipment in the millimeter wave 
region and may also be employed in circuits such as hybrids. 

On all of these items of millimeter wave technique and multimode 
waveguide technique, individual publications will appear as soon as the 
work has reached the point where this becomes possible. 


MODULATION METHODS 


The modulation method to be used for the transmission of intelligence 
on a waveguide system will probably be dominated by the conversion- 
reconversion phenomenon already discussed. In order to evaluate the 
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Fig. 29 — Coupled-wave transducer for generating circular-electric or other 
waveguide modes. 
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interfering effects of the conversion process, it is important to take into 
account the time relations between the signal components and the re- 
converted wave components. In general, it seems clear that reconverted 
energy returning to the signal mode within a time interval appreciably 
less than the reciprocal of the highest modulation frequencies will be 
less interfering than reconverted wave components separated from the 
signal components by time intervals on the same order as the reciprocal 
of the modulation frequencies. In practice, a distribution of reconversions 
will be obtained from a line containing randomly disposed imperfections. 
As discussed in connection with equation (1), an approximate upper 
limit can be placed on the time separation between the signal energy 
and the reconverted wave energy. Table IV records the “upper-limit”’ 
time delay for the 5” diameter experimental 9000 megacycle waveguide 
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Fig. 30 — Proposed method of multiplexing several frequency bands in the 
circular electric waveguide. 


and for a 2” diameter pipe used at a frequency of 48,000 me. The nega- 
tive time delays represent reconverted-wave components which precede 
the signal at the receiving end of the system. These calculations suggest 
that reconverted wave energy might precede the signal by almost 14 
microsecond or lag the signal by approximately 1 microsecond in the 5” 
diameter 9,000-mce line. Photographs of the observed pulse transmission 
shown in Fig. 15 indicate negligible reconverted-wave energy at more 
than one-half these time intervals, and therefore it appears that the 
method of estimating (described in connection with equation 1) is 
pessimistic. However, the ‘upper limit” time delay does provide a con- 
venient way of comparing the experimental line with a proposed 2” 
diameter line used at 48,000 mc. Observe in Table IV that the 2” diam- 
eter line will show appreciably less delay for the reconverted wave 
components than is to be expected from the 5” diameter line. This is due 
to higher attenuation in the unused modes and to smaller differences 
between the group velocities of the various modes in the 2” diameter 
pipe. ‘‘Upper limit” time delays in the range 1 to 100 millimicroseconds 
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TasLe [IV — “Upper Limir’ Time DeLay ror RECONVERTED PH NERGY 











COMPONENTS IN Souip Pier Witrsout Moper Fitters 
“Upper Limit” Time Delay 
Mode 
4.732” Dia. Pipe at 9000 Mc 2.0” Dia. Pipe at 48,000 Mc 
TE —0.456 X 107-6 second —0.0137 X 10~* second 
TK —0.097 —0.0035 
THs +0.0357 +0.0014 
TEie 1.093 +0.111 








are indicated for the 2” diameter line and may also be regarded as pessi- 
mistic estimates by virtue of our experience with the 5” diameter line. 

It is to be emphasized that the time delays of Table IV apply to solid 
round guide without mode filters. The addition of mode filters in the 
solid pipe would increase the loss for the unused modes and appreciably 
reduce the “upper-limit” time delays for reconverted wave energy. For 
the improved forms of circular-electric waveguide the increased losses 
for the unused modes would result in similarly reduced time delays; 
typical factors of reduction might run between 100 and 1,000 for spaced- 
ring and helical waveguides compared to the data for solid pipe given in 
Table IV. 

Taking into consideration both conversion-reconversion effects and 
some equalization of delay-distortion due to waveguide cut-off, it would 
appear likely that baseband widths on the order of 100 to 1000 mc could 
be employed in a 2” diameter line. 

The character of the reconverted wave interference will be as dis- 
cussed in connection with Figs. 15 and 18 if the modulating wave of the 
signal carrier contains frequencies near the reciprocal of the ‘“upper- 
limit” time delay for the particular waveguide used. 

The magnitude of the reconverted wave energy has been discussed in 
connection with Fig. 21, and it has been observed that ratios of signal 
power to reconverted-wave power on the order of 20 db may be expected 
on a well engineered waveguide line having 60 db of heat loss for the 
signal wave. Although the time relations were not specifically taken into 
account in this discussion, it seems likely that the order of magnitude of 
the reconverted-wave power will be unaltered by more precise analysis. 

One might therefore conclude that the modulation method to be used 
in a waveguide system must be one which will tolerate large amounts of 
signal interference. Pulse code modulation is one arrangement of signal- 
ing whjch will tolerate such interference, and undoubtedly there are 
others as well. 
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Another conclusion the writer has reached is that some form of signal 
regeneration is likely to be required at each repeater, and that the 
modulation process should be selected in such a way as to permit this 
regeneration with limited complexity. 


CONCLUSION 


Single-mode waveguide is unattractive as a long-distance communi- 
cation medium due to limited bandwidth and either unreasonable size 
or excessive loss. 

The circular-electric mode in a 2” diameter round pipe has a theoreti- 
cal attenuation coefficient of 2 db per mile for carrier frequencies near 
50,000 me. Delay distortion due to waveguide cut-off will require equal- 
ization if baseband widths on the order of 500 mc are to be provided on 
repeater spacings of 25 miles. Using frequency-division multiplex, such 
a waveguide might be exploited over the 40,000-me band from 35,000 to 
75,000 me, for which the theoretical attenuation coefficients are 3 db/ 
mile and 1 db/mile respectively. 

Transmission experiments were conducted at 9,000 me in a 500-foot 
copper pipe 4.73” I.D. for which the theoretical circular-electric wave 
loss was 1.9 db/mile. Under favorable conditions the observed losses 
were within 25 per cent of the theoretical value; under unfavorable con- 
ditions (which are not likely to occur in practice) the observed losses 
were as high as 75 per cent greater than the theoretical value. Surface 
roughness accounted for losses about 20 per cent above the theoretical 
value, and the remaining excess losses were due to conversion of energy 
to other modes of propagation. Direct observation of the power trans- 
ferred between modes in the 500-foot line confirmed the latter conclusion. 

Other observations in the 500-foot line showed that the mode con- 
version process produced a signal-distortion or signal-crosstalk effect 
through reconversion of energy from the unused modes of propagation - 
back to the signal (circular electric) mode. This type of interference seri- 
ously limits the capabilities of bare copper pipe for use as a long-distance 
communication medium. However, it has been shown experimentally 
and theoretically that the effects of the conversion-reconversion process 
are greatly reduced through the addition of mode filters, which absorb 
energy present in the unused modes of propagation. 

The combination of solid pipe plus mode filters remains attractive as 
a& communication medium. Average losses for the unused modes of 
propagation should be on the order of 500 times the loss to the signal 
wave, in order that the conversion-reconversion effects be tolerable in 
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the presence of conversion losses of the magnitude observed in the 500- 
foot experimental line. 

Improved forms of circular-electric waveguide have been demon- 
strated. These waveguides have the common property of providing very 
large attenuation coefficients for the unused modes of propagation while 
maintaining essentially the same circular-electric wave attenuation as 
in solid pipe. Thus, these guides are essentially continuous mode filters. 
Structurally, such a medium may consist of a series of metallic rings 
supported in a lossy housing (Fig. 26), or may consist of a helix supported 
in similar manner. The helical circular-electric waveguide appears more: 
attractive from the standpoint of ease of fabrication. 

Where bends must be sharp, they may be negotiated in a number of 
special ways. Gradual bends may be introduced in the improved forms 
of circular-electric waveguide with modest increase in heat loss. For the 
2” diameter guide at 48,000 mc, it is estimated that a bending radius of 
about 2,000 feet would double the heat loss of a helical or spaced-ring 
waveguide. For a 1” diameter helical or spaced-ring guide (theoretical 
heat loss of 15 db/mile in solid pipe) the corresponding bending radius 
is about 200 feet. The extra heat loss due to bending varies inversely as 
the square of the bending radius. 

The type of modulation to be used in a waveguide system will prob- 
ably be dominated by conversion-reconversion effects. An upper limit on 
the time delay between the signal component and the associated recon- 
verted-wave components lies in the range 1 to 100 millimicroseconds for 
2” pipe at 48,000 me without mode filters; the addition of mode filters or 
use of the helical circular-electric guide should reduce these time delays 
by factors of 100 or more. Thus, it appears likely that basebands on the 
order of 500 me or more should be usable. 

It is concluded that a waveguide signalling method must be capable 
' of withstanding large amounts of signal interference, and that some 
form of regeneration is likely to be required at each repeater. 
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APPENDIX 
THEORETICAL ANALYSIS FOR CONTINUOUS MODE CONVERSION 


Whereas the travelling-pulse type of theoretical analysis utilized in 
the body of this paper can be extended to a realistic spacial distribution 
of conversion points and to a series of modes instead of only one, J. R. 
Pierce suggested that the assumption of uniform mode conversion along 
the axis of propagation would lead to a solution in closed form and would 
probably show the general properties being sought. This suggestion was 
adopted and P, is designated as the signal power, P; as the power in the 
unused mode, and P,, as the power which has transferred from mode-a 
back to the signal mode, mode 1. We assume quadrature addition of 
conversion components, and write a series of differential equations ex- 
pressing the power flow between the modes along the axis of propagation, 
including the heat loss effects: 


gE = —a,P1 — MP; (9) 
dz 

“ ar —d2P, 7s auP, + MrP\ 5 izP, (10) 
sol = —dy,P, _ QizP n + anP, (11) 


in which the symbols have the following definitions: 

di, = the heat loss coefficient — mode 1 

di, = the mode conversion coefficient from mode 1 to mode x 
= the heat loss coefficient — mode x 

az, = the mode conversion coefficient from mode x to mode 1 

z = distance along the axis of propagation 

Note that the above heat loss coefficients are those associated with power 
rather than attenuation coefficients associated with amplitudes, (2a; = 
Gin , 2a; = Az). The above equations also imply mode conversion in the 
forward direction only. 

In a phenomenological way, these equations represent the decay of 
power in the signal mode and the build up of power in both the unused 
mode x and reconverted energy P, in mode 1. The general plan is to 
solve these equations for P, and P, in terms of the input wave power. 
P,, is maintained separate mathematically from P,, even though both 
of them are in the same mode, so that we can clearly identify the energ 
which has been at one time in the unused mode x. 
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For mathematical solution, (9), (10) and (11) may be put in the fol- 
lowing form: 








LS ea eee (12) 
dz 
2 + BPs — dP ~ disPa = 0 (13) 
Lee ar ey Oe (14) 
dz 


in which a = ay, + diz 


B = Azh + Az} 
The general solution for (12), (13) and (14) is given by the following 
P; = ky eo (15) 
P. = ke e'* + ke?’ (16) 
—az k 1412 k roe 
Pasige ap rape ae = (aie Ble? (17) 
12 12 . 


where 


Mr —-(atptv (a — B)? + 4ay24n 
len aca aa (18) 


Te 


The positive sign is to be associated with 7; and the negative sign with 
r,. For the boundary conditions, at z = 0, 


Py, = Po 
Pe = 0; 
P, = 0, 


that is to say, the input to the transmission medium being zero in both 
the x mode and reconverted energy mode, then the solution takes the 
following form: 


P, = Poe (19) 


azP Tz 4,29 grt 


nes (ry — 1) ° 7 (Tr, — 12) 


(20) 
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P,, 3 Pies os ("1 + B)Po gu = (72 ote 8) ve 


(ry = To) ("1 = 12) (21) 


It is informative to note that (r1 — 72) is always positive and is equal to 





V (a — B)? + 401.021 


We are usually interested in the ratio of the power in the x-mode to the 
signal power P, and the ratio of the reconverted energy P, to the signal 
power P,. These ratios are given by the following expressions 


Pa (ry + B) erirale = (12 + 8) grates 





—_ =a 22)* 
Be Gen (ry) 
P; ger —(ry—re)z 

= = 1T2 93)* 
PGs [Lew | (23) 


Thus, we have explicit solutions for the uniform transmission medium 
containing mode conversions. 

In order to make the most general study of these relations, we shall 
express the mode conversion coefficients in terms of the heat loss coeffi- 
cient in the signal mode — i.e., as the ratio a,/ay, . This is natural enough 
physically, for we are interested in the relative magnitudes of the heat 
loss and mode conversion effects. It is found that knowledge of the ratios 
Qyr/Q1,, Axn/dy, and az,/ai, enables us to completely determine P,/P; 
and P,/P, in terms of the distance parameter ¢ “*. The latter is the 
heat loss in the signal mode, another familiar physical characteristic. 


CHARACTERISTIC CONDITIONS IN BARE ROUND WAVEGUIDE 


In order to use the theoretical relations derived in the preceding sec-. 
tion, we need to know typical values of the parameters. In particular, 
we need to know the magnitude of typical conversion coefficients ay; 
and values of the heat loss coefficients ay, and az, for the modes of . 
interest. 

One set of heat loss coefficients which is of immediate interest may be 
made up from the calculated values for the 5-inch diameter round wave- 
guide used in waveguide experiments at Holmdel. Table V shows the ratio 
of attenuation coefficients for several modes in this line. The circular 
electric wave TE has the lowest attenuation coefficient (absolute value 


* When using these relations, it is helpful to note that (m1 + re) = —(@ + 8B) 
at all times. Hence (ri + @) = —(re + 8) and (rz +a) = —(11 + 8B). 
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TaBLtE V— Ratio or ATTENUATION COEFFICIENTS FOR SEVERAL 
Mopss IN 4.732” DIAMETER. WAVEGUIDE AT Ay = 3.0 Cm 








en 
Modes Rie Peay Modes pare nora 
TE.2/TEa 2.45 TE3:/TEo1 12.5 
TEo2/TEo 3.82 TEa/TEKo 17. 
TEn/TEo 4.56 TEHs:/TEo 21. 
THe2/TEo 4.63 The/TEoa 27. 
TE.3/TEKoa 6.61 TEn/TEo 34. 
TEHa/TEa 8.51 TEs:/TEo1 44, 
TMi/TEo 10.78 TE9:/TEo 61. 
TEo3/TEo1 11.3 TE10,1/T Eo 100. 











equal to 1.6 db/mile), and the a,,/ay, ratios for the other modes range 
from 2.5 to 100 times the TE value. Table V represents a selection of 
the various modes which can exist in the 5-inch diameter line, but the 
number tabulated is not an indication of the density of the ratio of at- 
tenuation coefficients near a given value. Actually, there are eight modes 
having @z,/d,, ratios in the range 2.5 to 10, 19 modes in the range 10 to 
20, and 15 modes greater than 20. 

Experimental work reported elsewhere shows that significant con- 
version takes place between TE, and the TE, , TEx , TEs, and TMn 
modes. There is some likelihood that conversion to TEy. takes place, 
but the magnitude has not been measured. The experience gained by 
measurement, therefore, shows that most typical conversions occur be- 
tween To. and modes having attenuation ratios dz2./d, in the range 2.5 
to 12. 

The absolute magnitudes of the conversion coefficients a. have in 
some cases been measured directly, and may also be inferred from meas- 
urements of total signal attenuation on the 500 ft. experimental line and 
separate knowledge of the heat-loss values; the inference is that a;, must 
fall in the range 0.1 to 1.0 ay, for the particular line studied. 
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A Governor for Telephone Dials 


; Principles of Design 


By W. PFERD 
(Manuscript received July 29, 1954) 


This ts a report on the development of a new type of governor for regulating 
the speed of rotary dials. The paper includes derivation of the equations of 
motion which determine the theoretical speed of the governor during dial 
run-down and an analysts of the operating characteristics of the governor as 
influenced by varying friction and input torque. Kxperimental verification 
of the relations is presented. A theoretical analysis which explains ‘‘governor 
chatter’? or positional instability for friction-centrifugal governors is also 
given. 


INTRODUCTION 


Machine switching telephone systems depend on the telephone dial 
for originating information used in completing a call. During run-down, 
the dial originates current pulses which operate step-by-step switching 
equipment or are registered for use in common-control panel or crossbar 
systems. For reliable functioning of dial pulse controlled switching equip- 
ment, the pulses must be closely controlled in frequency and form. Since 
the pulses are produced during run-down of the dial after release by the 
customer, the run-down speed most be constant. Friction-centrifugal 
governors are commonly used to provide this required control of speed. 

If the pulses reaching the central office were exactly like those gen- 
erated by the dial, the designers of dials and central office switching ap- 
paratus and circuits would find themselves far less restricted. Unfor- 
tunately the dial pulses are distorted by the electrical characteristics of 
the customer’s loop. To compensate for this distortion and insure ac- 
curate registration of the pulses at the central office, the dial and central 
office equipment must be designed to operate to close limits of perform- 
ance. The designs must also be such that there is negligible change of 
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adjustment resulting from use, time or weather conditions, which might 
affect the ability to accurately send or receive dial pulses. 

To achieve the accuracy of timing required of dial governors, it was 
recognized that a general theoretical analysis which defined speed of 
governors would be beneficial. The late C. R. Moore investigated this 
problem in the thirties, and derived from theoretical considerations, 
general equations of motion relating to governors. The relationships 
derived by the Moore analysis are extremely useful in that they can be 
used to indicate the influence of various design factors on the performance 
of a governor. This theory was applied in developing the new governor 
used in the 7-type dial of the 500-type telephone set* and will be pre- 
sented in this paper. To better demonstrate the operating characteristics 
of the new governor, it will be compared with a previous governor which 
was used in an older type dial. Photographs of the new governor as it is 
assembled in a dial are shown in Figs. 1A and 1B. 





Fira. 1A — Front view of 7-type dial. 


* Inglis, A. H., and Tuffnell, W. L., An Improved Telephone Set, B.S.T.J., 
30, pp. 239-270, April, 1951. 
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DIAL AND GOVERNOR OPERATION 


In dialing, the fingerwheel is rotated through an angle proportional to 
the number being dialed and then released. Energy stored in the motor 
spring, Fig. 2, causes the mechanism to return to the start position. For 
each 30° rotation of the fingerwheel during run-down, the intermediate 
gear rotates one-half revolution and the cam pinion and pulsing cam ro- 
tate one full revolution. Once the pulsing pawl is in position, each revolu- 
tion of the pulsing cam in the run-down direction results in a pulse being 
placed on the telephone loop. The intermediate gear also meshes with a 
governor pinion which is coupled to the governor shaft and governor 
through a spring clutch.* This clutch decouples the governor from the 
fingerwheel on windup to reduce the windup torque. On run-down the 
governor rotates two full revolutions for each 30° rotation of the finger- 
wheel. 





Fic. 1B — Rear view of 7-type dial. Left, speed governor, center, off-normal 
contact and right, pulsing mechanism. 


* Wiebusch, C. F., The Spring Clutch, J. Appl. Mech., Sept., 1939. 


1270 THE BELL SYSTEM TECHNICAI JOURNAL, NOVEMBER 1954 


ean ~N cpuisinc 8 
ASS \. CONTACTS 


=TSC 


<SSSSS 


Qa 12222 
: 4 


S 


SS 4 
NS 
Ss 
Ns 


3 
3 


Ul 
CALL 





Fic. 2 — Simplified diagram of 7-type dial mechanism; governor appears top 
left. 


As shown in Fig. 8, the weights of the new governor are free to pivot 
at the ends of the fly-bar which, in turn, is allowed to rotate with respect 
to the shaft. Rotation is imparted to the system by the drive-bar which 
presses against each weight at a specific point. As the mechanism begins 
to rotate during dial run-down, the two weights are caused by centrifugal 
force to move outward against the tension of a spring. Movement of the 
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weights about their pivots continues until the friction studs touch the 
case. At this instant governing begins, and controls the dial speed until 
the end of run-down. The speed attained by the governor will be de- 
pendent on the friction between the studs and case, the magnitude of the 
driving torque, and the tension to which the spring of the governor is 
adjusted. 

In the schematic of the new governor, Fig. 4, the driving force is desig- 
nated as F. By applying this driving force between the weight pivot and 
the center of the governor, the mechanism behaves during operation as 
a true friction-centrifugal governor and also as a brake. This configura- 
tion results in a gain in the ability of the governor to resist the increase 
in speed which normally results from an increase in the applied rotational 
force. The drive-bar force, F, and the torque produced by the stud-to-case 
force about the pivot assists the centrifugal force in pressing the friction 

studs against the case. 
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Fig. 3 — The 7-type dial drive-bar governor. 
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The comparative design shown in Fig. 5 is a conventional fly-bar type 
governor consisting of two weights each pivoted at the end of a fly-bar 
which is fixed to a shaft. As the shaft accelerates during run-down, the 
weights move outward under the influence of centrifugal force and are 
restrained in their motion by the tension of the governor spring. At a 
certain speed the friction studs contact the inner surface of the governor 
case. The governor gradually decelerates until the input torque to the 
governor is balanced by the stud-to-case frictional loss and the governor 
shaft and dial theoretically rotate at constant speed. It will be noted in 
this configuration that only the torque produced by the stud-to-case 
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Fig. 4 -— Schematic of drive-bar governor. 


F — Force applied by torque on governor weights 
F,, — Normal force of case acting on studs 
F, — Force exerted by spring when studs touch case 
F» — Centrifugal force acting at center of gravity of weight 
pw — Coefficient of friction 
Iy — Moment of inertia of the governor about center shaft 
w — Angular velocity of governor 
- wy) — Critical angular velocity at which studs just touch the case 
m — Mass of each weight 
79 — Radius to the center of gravity of each weight 
r — Radius of governor case 
a — Stud angle 
Neg. Rotation — Run down of governor 
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Fig. 5 — Fly-bar type governor. 


friction about the pivots aids the centrifugal force in pressing the studs 
against the case. 


EQUATIONS OF MOTION 


In deriving the general equations of motion for a governor, tio as- 
sumptions are made concerning the action. During the interval of time 
that the governor is approaching the critical velocity when contact of 
the friction surfaces first occurs, the motion is assumed to be that of a 
simple fly-wheel, constantly accelerating. The angular velocity of the 
governor during the time from rest to the critical velocity, wo , is then 
given by 


o= (1) 
where G = applied torque 


t’ = time from start of motion 
I = moment of inertia of the governor assembly about the shaft 


I 
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After stud-to-case contact occurs, it is assumed that there is no 
further pivoting of the weights or fly-bar, and the assembly rotates as a 
rigid body. During this time the general equation for angular velocity is 


w = qg tanh (* + In VA) (2) 


where g = regulated or final angular velocity 
h = design constant 
A = design and adjustment constant 
i = time measured from the moment of initial braking 
The derivation of this general speed equation as it applies to the new 
7-type dial governor is given in Appendix I. For this drive-bar type 
governor the following terms apply: 


_ G(d — wo) + Myo” — urjG/e 
ieee Cea 8) 
a Mu 
- Iy(d — ue) 4) 
A=ite (5) 
q — Wo 
h G(d — ye) + Myo? — yurjG/e | 
former - = ey 6 
3 /! / Mp (6) 


The derivation of the theoretical equation for speeds in excess of the 
critical speed for the comparative fly-bar design results in the following 
relationships: 


o = g tanh (M+ VA) 


where 
G(d — uc) + Mua” 
1a a ier es I i 7 
Ca 0 
, . Me 


ane (j= / C= 00 + Mn: — pe) + Muwe? | (9) 


The form of the general speed equation is the same for all types of 
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friction-centrifugal governors but each particular governor will have 
different terms in the values for g, h and q. The theoretical equation of 
motion can be used to calculate the speed of the dial at any time, ¢, 
after the critical velocity is reached or the time required to reach any 
given speed once the governor studs touch the case. The equation shows 
that for large values of ¢, w approaches g, so that steady state speed is 
given by the value of q for each type governor, and is in terms of the 
operating values and design constants of the mechanism. 
For the drive-bar governor the steady state speed equation is 


w= q= Gd = uC) + new’ 2 urjG/e (10) 
{ mM 


THEORETICAL SPEED-TIME CURVES 
Drive-Bar Governor 


The design constants and physical data given in Table I apply to the 
drive-bar governor, and were used to calculate the theoretical speed 


TaBLE I — ReEerer To Fies. 3 AnD 4 








d = 0.390 cm Io = 7.40 gm cm? (experimental) 
c = 0.361 cm G = 7,500 dyne-cm (steady-state)* 
r = 1.180 cm 13,500 dyne-cm (initial) 
ro = 0.635 cm pw = 0.25 (assumed) 
b = 0.920 cm m = 3.9 gms 
e = 0.498 cm K = ro/r = 0.538 
j = 0.236 cm M = 2mrok = 5.38 
* Appendix II — Governor Input Torque. 


versus time curve shown in Fig. 6. The dial governor is initially adjusted 
so that signaling is at the rate of 10.0 pulses per second, requiring a steady 
state governor shaft velocity of 125.6 radians per second. This steady 
state velocity was used to determine the critical velocity wo by substitut- 
ing the values in Table I in equation (10): 


—~,— ,/ Gd — pve) + Mua) — vrjG/e 
BN = ig 


wo = 121.8 radians/second 
and from equations (8), (4), (5), and (6) 
g = 0.606 h= 9,520 h/g = 759 A = 72.7. 


GOVERNOR SPEED IN RADIANS PER SECOND 
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Fig. 6 — Speed curves for the drive-bar and fly-bar type governors. 
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TABLE II 
t 75.9§ + 2.142 w = 125.6 tanh (75.9% + 2.142) 
0.000 _ 2.142 121.8 
0.004 2.446 123.7 
0.008 2.750 124.6 
0.012 3.054 125.1 
0.016 3.358 125.3 
0.020 3.662 125.5 








Substituting these values in the general speed equation, 
ht 
w = g tanh gt mva 


gives the velocity of the drive bar governor at any time ¢ measured from 
the moment the governor reaches the critical velocity, i.e., when the 
friction studs first touch the inside of the governor case. (Table II.) 

For governor speeds from start of rotation up to the critical velocity, 
it is assumed that the system rotates as a simple fly-wheel, therefore from 
equation (1) ; 


This time of 0.0668 seconds determines the slope of the straight line 
portion of the theoretical speed-time curve shown on Fig. 6. 


Fly-Bar Governor 


The data given in Table III applies to the fly-bar governor shown 
schematically in Fig. 7. Substituting the values given in this table in the 
steady state speed equation for the fly-bar governor, 


page . /G(d — a Myw? 


118.5 radians/sec. 


WO 
ond from equations (7), (8) and (9): 
g = 0.609 h=9,560 h/¢ = 764 A = 36.35 


Substituting these values in the general speed equation gives the 
velocity of the fly-bar governor at any time (¢) measured from the 
moment braking begins, Table IV. For this particular fly-bar design, the 
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time required to reach the critical velocity is, from equation (1), 


EXPERIMENTAL SPEED-TIME CURVES — NORMAL TORQUE 


Experimental velocity versus time curves were obtained for the fly-bar 
and drive-bar governors constructed to the specifications listed in Tables 
I and III. Data used in determining the true speed versus time picture 
for the experimental governors was taken from photographic traces ex- 
posed on a recording oscillograph. A thin disc having 36 radial slots 
spaced every 10° was fastened to the end of the governor shaft. Light 
detected through the slots of the moving disc by the element of a photo 
tube was used to deflect one of the strings of the oscillograph. The trace 


TaBLE III — Rerer to Fics. 5 AnD 7 








d = 0.390 cm G = 7,500 (steady state) 
c = 0.361 cm 13,500 (initial) 

r = 1.18 cm pw = 0.25 (assumed) 

ro = 0.635 cm m = 3.9 gm 

b = 0.920 em K = ro/r = 0.538 

Io = 7.36 gm cm? M = 2mrbK = 5.38 


of this string appeared on the photographic paper as a distorted sine 
wave. The distance between two successive wave peaks represented 10° 
of rotation of the governor. By noting on the trace the time between 
peaks, it was possible to determine the average velocity of the governor 
at 10° intervals after release of the finger-wheel, or start of rotation of the 
governor mechanism. The experimental speed curves for the drive-bar 
and fly-bar governors are plotted on Fig. 6 along with the theoretical 
speed curves. 

It was assumed in the theoretical analysis that while accelerating up 
to the critical velocity, the governor assembly rotates as a simple fly- 
wheel. This requires that the velocity increase linearly. The theoretical 
and experimental velocity curves for both type governors during the 
initial accelerating period show the fly-wheel assumption to be justified. 
The slope of the velocity curve, or rate of acceleration is generally con- 
stant. 

For that portion of the theoretical and experimental curves which show 
speeds from the critical velocity to 98 per cent of rated speed, agreement 
is not too clearly defined. The theoretical curve is naturally smooth in 
shape. An oscillating type characteristic appears in the experimental 
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speed curves of both types of governors. This probably results from the 
shock and grabbing when the friction studs first touch the case and con- 
tinues until the forces tending to move the weights outward increase to a 
value sufficient to hold them against the case for governing. 

That part of the experimental curve, during which governing actually 
occurs at rated speed is relatively smooth through full run-down. Both 
the fly-bar and new drive-bar governors exhibit excellent speed regula- 
tion. The waves present on the trace do not necessarily indicate hunting 
or vibration since the variations in speed which appear are actually 
smaller in magnitude than the degree of accuracy present in measuring 
the experimental photographic trace. 
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Fig. 7 — Schematic of fly-bar governor. 


F,, — Normal force of case acting on studs 
F, — Force exerted by spring when studs touch case 
F,,— Centrifugal force acting at center of gravity of each weight 
pu — Coefficient of friction 
I, — Moment of enertia of the governor about center shaft 
w — Angular velocity of governor 
wy — Critical angular velocity at which studs just touch the case 
m — Mass of each weight 
ro — Radius to the center of gravity of each weight 
ry — Radius of governor case 
a — Stud angle 
Neg. Rotation — Run down of governor 
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THEORETICAL OPERATING CHARACTERISTICS 


The solution of the equation of motion for any governor is based on 
specific design constants and certain assumed and estimated values. Such 
dimensions as the governor case inside diameter 7, and distance from the 
shaft center to the weight pivot b, are two examples of design constants. 
These constants establish the arrangement of the various component 
parts of the mechanisms and are, therefore, subject to practical manu- 
facturing and space considerations as well as considerations from a speed 
regulation standpoint. The design constants are in effect static considera- 
tions. They are not subject to appreciable variation once established, 
and on any particular governor do not vary significantly over the life of 
the governor. 











TABLE IV 
t 76.4t + 1.798 w= 125.6 tanh (76.4¢ + 1.798) 
0.000 1.798 118.5 
0.004 2.103 121.9 
0.008 2.408 123.6 
0.012 2.714 124.5 
0.016 3.010 125.0 
0.020 3.325 125.3 
0.024 38.631 125.4 


During actual operation there are two factors which directly affect the 
degree of speed control afforded by a governor; i.e., the coefficient of 
friction which exists between the governor case and friction studs, and 
the value of input torque to the governor shaft. Design control over these 
factors is present, but to a lesser degree than for the design constants 
mentioned previously. These factors are considered fixed in arriving at a 
given design but actually vary from governor to governor and over the 
life of a governor. It is therefore necessary to consider carefully the effect 
of variations in friction and torque if close regulation of speed is re- 
quired. 

The input torque to the governor shaft will vary because of the dimen- 
sional variations of the motor springs, the tolerance permitted for the 
driving torque at full windup of the dial, dial friction and the variation 
in pulsing spring forces. These variables appear at the governor as a 
range of input torques during run-down of the mechanism. For the motor 
spring used in the 7-type dial, input torque referred to the governor 
shaft decreases during run-down on the average from 20,000 dyne-cm 
to 13,000 dyne-cm. Torque required to overcome bearing and gear fric- 
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tion and the loads imposed by the pulsing mechanism result in an 
average torque of 7,500 dyne-cm at the governor. Over the life of a dial 
this input torque at the governor will vary as the dial efficiency varies. 
Initially the dial mechanism is lubricated and the bearings and gears 
turn freely. With time and continued operation, the accumulation of 
dirt and wear products affect the dial so that more torque is needed to 
drive the moving parts. This causes a decrease in the remainder torque 
going to the governor. | 

Another aspect of torque requiring consideration is that resulting from 
forcing of the finger-wheel during run-down. This action can produce 
torque values at the governor of the order of 110,000 dyne-cm or a torque 
of approximately fifteen times that which appears at the governor during 
normal operation. 

The second factor, which can vary during dial life, is the value of the 
stud-to-case coefficient of friction, u. Both the drive-bar and fly-bar 
governors have studs of Ebonite compounded with 40 per cent by 
weight of hard rubber dust and cases of ASTM B16 brass. Actual service 
tests show the satisfactory wearing ability of these materials. 

Each governor is initially adjusted for speed by changing the tension 
of the governor spring. At the time this adjustment is made, a particular 
friction condition exists between the governor studs and case. With time 
or continued operation there is always the possibility of a change oc- 
curring in this friction value. Such factors as very high humidity, lubri- 
cation products traveling to the stud operating region, or the accumula- 
tion of foreign-material or wear particles may produce different values of 
friction and hence result in variation in governor and dial speed from the 
initially adjusted value. 

The range of coefficient of friction values » expected for rubber on 
brass is from 0.05 to 0.35. These are the extreme conditions produced by 
oil in the governor case for the 0.05 value and very low unit pressure on 
a scored brass surface for the 0.35 value. For this study a representative 
figure for the average stud-to-case friction value was taken to be 0.25. 

The problem of variation in steady state governor speed with changes 
in the coefficient of friction and input torque can be analyzed by con- 
sidering the derivatives of speed with respect to these values. This is done 
by operating on the equations for terminal speed. 


Speed with Respect to Coefficient of Friction 


For the drive-bar wovernor, the partial derivative of speed, with respect 
to coefficient of friction, is as follows: 
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ae G(d — pe) + Myuw? — urjG/e 
sa ici | aaa a (7 canna 


Taking the derivative of w with respect to y gives 


dw Gd 
On SoM we (11) 


where M = 2mrrnb. For the fly-bar governor, dw/duy, is as follows from 


w=g= (fee aa st M pw? 


dw Gd 

On aM? 
Since the equations are identical for both governors the same considera- 
tions exist in holding to a minimum the change in speed caused by a 
change in the coefficient of friction. 

For optimum speed regulation, the partial derivative, dw/du, should 
be a minimum. Small values of dw/dyu can be obtained by operating on 
the design constants, controlling the value of y, or having high governor 
speeds. Specifically, the design constants m, 70, r and b should all be 
large. Inspection of the drive-bar governor schematic, Fig. 4, shows that 
there are physical limitations to the arbitrary enlargement of these 
values. Space, manufacturability, and cost of materials must be consid- 
ered in establishing these terms. In selecting materials for fixing the 
coefficient of friction value the wearing quality of the materials to be 
used must be of first consideration. A high governor speed is advantage- 
ous but must be weighed against the primary disadvantage of high inertia 
loads for the entire mechanism. . 

The terms G and d in the numerator of equations (11) and (12) indicate 
that low input torque and a small value for d would be desirable For G, 
one must consider the anticipated change in dial efficiency and variation 
in torque produced by the pulsing mechanism plus the torque necessary 
for the governor to maintain adequate speed control. 

As shown in the drive-bar governor schematic, Fig. 4, d is the dis- 
tance from the weight pivot to the normal of the point of contact be- 
tween the rubber stud and governor case. Its magnitude is controlled by 
the stud angle a, and the distance between the stud and case when the 
weights are in the closed position. 

As indicated, d should be as small as possible for best regulation with 
friction change. This requirement imposes a difficult design problem 
because as d decreases, the stud and bearing hole in the weight approach 


(12) 
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each other. A minimum d is therefore fixed by interference of the parts 
themselves. Inspection of the governor mechanism also shows that even 
if the interference problem were not limiting, the weight turning angle 
imposes a further restriction on the d value. The life of a governor is 
considered to end when the friction material is worn to the point of 
allowing the weight to touch the inside of the case. Because of this 
initially large weight motion, little material is provided for wearing and 
hence the possible life of the mechanism is reduced. In the design of the 
drive-bar governor, the stud angle, a, was made as small as manufactur- 
ing techniques would permit. The stud angle is 22° from the weight pivot 
with a corresponding d = 0.390 cm. 

Since both governors under study were designed to operate in the 
case of the same dial the terms shown in Tables I and III which apply 
in the friction equations (11 and 12) are identical. This identity of terms 
indicates that both type governors should exhibit -identical frictional 
characteristics. Fig. 8 represents a plot of the dw/dyu for various governor 
input torque values. One set of curves applies. The range of torque values 
covered by the curves is from zero to the forcing condition at fifteen 
times normal motor spring torque. Curves for coefficient of friction 
values, 0.05, 0.10, 0.20, 0.85, are shown as encompassing the extremes in 
operating range. 


Speed with Respect to Input Torque 


For the drive-bar governor, the partial derivative of speed with 
respect to torque is determined as follows from the steady state speed 
equation. 








pea! 4/ — ue) + Myuw? — urjG/e 
q Mu 


Taking the derivative of w with respect to G gives: 


dw 1 E — pc) + Mpew” — “i (d — pe — urjG/e) 








0G 2 Mp My 
and 
dw _ 1(d — we — prj/e) 
aG@ 3 Mu (18) 
where | 
M = 2mrnb 


For the fly-bar governor the derivative of w with respect to G can be 
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developed similarly to give 
(14) 


Here also the design constants, m, ro, r and b, the coefficient of fric- 
tion », and the governor speed w, should all be high values. Minimum 
change in dial speed would then occur for a given change in the input 
torque. 

Inspection of the equations for dw/dG, indicates that it is possible to 
have perfect torque regulation for at least one value of yu. For this limit- 
ing condition, dw/dG, would equal zero and equation (13), for the drive- 
bar governor, equates to 


d — we — prj/e = 0 (15) 
and equation (14) for the fly-bar type governor 
d — pe = 0 (16) 


If these equations were satisfied, there would be zero change in speed 
for a given change in input torque to the governor. As stated previously 
» is predetermined and has in this design a maximum known value of 
0.35. A margin of safety is considered by taking » = 0.425 for the limit- 
ing case and equation (15) becomes for the new drive-bar governor 


d — 0.425 (c + rj/e) = 0 (17) 
and equation (16) for the fly-bar governor 
d — 0.425¢c = 0 (18) 





GOVERNOR. INPUT TORQUE IN DYNE CENTIMETERS x10 


Fig. 8 — Derivative of governor speed with respect to coefficient of friction 
versus input torque to the governor. 
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Fig. 9 — Design diagram for fly-bar type governor. 


Comparison of these two equations shows a very important differ- 
ence in the term multiplied by » = 0.425. For the drive-bar governor, 
there are four variables which can be operated on to satisfy the equation; 
i.e., c, r, j and e. For the fly-bar governor only c is available. The im- 
portance of these additional terms can be realized when one considers 
that the value for c results from our choice of d in making dw/dy a mini- 
mum. For both type governors c is equal to 0.861 cm. Substitution of 
the d and c values in the limiting equation, (18), for the fly-bar governor 
does not lead to a solution when u = 0.425. Solving for this limiting u 
in the fly-bar governor gives 


(0.390) — (0.361) » = 0 


uw = 1.08 


This value of » is far beyond that encountered in actual governor 
operation and, in effect, represents useless margin. This is graphically 
shown in Fig. 9 where all d and c values which conform to the geometry 
of the fly-bar governor mechanism are plotted as a design diagram. The 
three straight lines radiating from the origin represent plots of the 
limiting equation for » = 0.425, 0.25 and 0.05. The intersection of these 
lines with the d and c¢ semicircle, noted at points 1, 2 and 3, give the 
particular angle at which the stud should be located for optimum regula- 


1286 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1954 


DRIVE-BAR TYPE d AND C VALUES DETERMINED BY 
GOVERNOR / GOVERNOR CASE AND FLY-BAR 











d IN CENTIMETERS 























0.4 0.6 0.8 1.0 |l2 1.4 1.6 1.8 2.0 2.2 
Cc IN CENTIMETERS 


|. __-FLY-BAR ARM LENGTH_ 
(0.920 CM) 





Fig. 10 — Design diagram for drive-bar type governor. 


tion for these particular friction values. The point A on the d and c 
circle denotes the d and c¢ values which result from the stud being at 
a = 22°. The off-set appears because stud-to-case contact is not made 
on the center line of the stud. The points 1, 2 and 8 are all below the 
point, A, established by the minimum permissible angle, a = 22°. This 
indicates that the fly-bar governor has its dw/dG equal to zero at some 
coefficient of friction value higher than » = 0.425. As previously deter- 
mined in this value is up = 1.08. 

Fig. 10 represents the design diagram for the new drive-bar governor. 
Here again, the large semi-circle is a plot of all d and c values which con- 
form to the geometry of this governor mechanism. Point A is determined 
by the stud angle a = 22°. The straight lines represent the limiting equa- 
tions for » = 0.425, 0.25 and 0.05 and are shown intersecting the d and c 
circle at 1, 2 and 3 respectively. For this particular governor, the line 
representing p = 0.425, 


d — 0.425 (c + rj/e) = 0 


intersects the d and ¢ circle at the point A. This is possible by making the 
term (urj/e) equal to 0.238. The intersection of this curve at A indicates 
that there will be zero change in speed for a given change in input torque 
to the governor when the stud-to-case coefficient of friction value is 
0.425. 
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The additional terms, r, 7 and e in the limiting equation make it pos- 
sible to design the governor for optimum regulation for any particular 
value of u desired. Since the term r, the case inside radius, is controlled 
by space requirements, the terms 7 and e assume added importance. They 
are determined by the point at which the drive-bar arms act against the 
weights and can be made any value required to meet the design objec- 
tive. 

Figure 11 is a plot of dw/dG at various values of » for the drive-bar and 
fly-bar governors specified in Tables I and ITI. It indicates that for any 
coefficient of friction the new drive-bar governor should exhibit less 
change for a change in input torque than is possible with the fly-bar 
governor. 


EXPERIMENTAL DATA 


To substantiate the theoretical conclusions drawn from the analysis 
of the steady state speed equations, experimental data were compiled 
from a number of models of each type of governor. Drive-bar and fly-bar 
governors, made to the specifications listed in Tables I and III were 
investigated to determine their response to changes in input torque and 
changes in the stud-to-case coefficient of friction value, u. The tests were 
conducted on 7-type dials manufactured by the Western Electric Com- 
pany as standard product. 


Dial Speed Versus Coefficient of Friction 
The theoretical analysis of the equation 


do _—«Gd 

On wp? 
indicates that the two types of governors should exhibit identical fric- 
tional characteristics. Fig. 12 represents the theoretical plot of dial speed 
in pulses per second versus coefficient of friction. The single curve satisfies 
both the fly-bar and drive-bar governors as specified in Tables I and III. 
This curve shows the change in speed of a dial initially adjusted to 10.0 
pulses per second, operating at normal torque, as the coefficient of fric- 
tion varies. It indicates that if there is a decrease in the value of uw from 
that which existed at the time of initial adjustment, there will be a cor- 
responding increase in the dial speed. The curve is drawn with p = 0.25 
as representing the normal stud-to-case condition and a normal governor 
input torque of 7,500 dyne-cm. 

The experimental data were compiled for the following operating con- 


- 
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Fig, 11 — Derivative of governor speed with respect to governor input torque 
versus coefficient of friction. 


ditions: as received, governor case cleaned with acetone, damp atmos- 
phere, and SAE 10 petroleum base oil in the case. Each of the governors 
were initially adjusted to 10 pulses per second with the governor cases in 
the ‘‘as received” condition. The governors were then removed and the 
cases and governor studs were cleaned with acetone. The governors were 
then reassembled and the new speed recorded. During this procedure 
extreme care was exercised so as not to disturb the governor spring ad- 
justment. Speed was next recorded for the damp atmosphere condition, 
and finally for the condition with one drop of SAE 10 oil in the governor 
case. For these last two conditions the governors were not removed from 
the dials. 

The average speeds recorded for the four conditions are plotted on the 
theoretical speed curve of Fig. 12. The points were arbitrarily placed on 
the theoretical curve. No attempt was made to determine the exact co- 
efficient of friction values corresponding to the four conditions. In this 
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respect, the speed attained with oil in the case shows a value of » = 0.06 
which is very close to the » = 0.05 taken as the lower limit. 

To produce a decrease in governor speed one must increase the value 
of u. This is difficult to do on a controlled basis, since it is brought about 
by the progressive action of wear particles and foreign material scoring 
the surface of the brass case during the life of the governor. The the- 
oretical analysis indicates that when the coefficient of friction increases 
to n = 0.35 the speed of the governor will decrease from 10.00 to 9.65 
pulses per second. This assumes that there would be no speed change 
due to wear in any part of the governor. In practice of course the gover- 
nor studs wear as the case is scored and, therefore, are made progres- 
sively shorter. For this condition the increased outward motion of the 
weight required for stud-to-case contact produces an increase in the 
spring force, F; , acting on the weights. The speed change which results 
from increasing the spring force is in the direction to compensate for the 
loss in speed due to increase in coefficient of friction. Therefore, con- 
sidering only stud friction and wear as effective in causing change in 
speed, generally the governor and dial speed should increase from its 
initially adjusted value during life. 

It can be concluded from the experimental and theoretical evidence 
that there is the possibility of a speed change due to varying coefficient 
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Fig. 12 — Dial speed versus coefficient of friction. 
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of friction to values between 9.65 and 12.0 pulses per second during life 
for dials initially adjusted to 10.00 pulses per second. An increase in speed 
may result from a decrease in stud friction due to the existence of lubri- 
cant or high humidity in the stud operating region or, the speed may 
decrease due to high friction. 

The above changes represent the extremes in dial speed determined 
solely by reaction of the governor to change in stud friction. In practice 
it is anticipated that dials adjusted to 10 pulses per second initially can 
vary from 9 to 11 pulses per second during normal usage. A reduction in 
speed will occur as more torque is required to compensate for the in- 
crease in bearing friction caused by the accumulation of dirt and wear 
products during ordinary life. This additional- bearing drag will cause a 
decrease in the torque available for governoring and therefore the dial 
will be regulated at reduced speed. For extreme cases of wear and con- 
tamination, it is of course possible that the dial will stop altogether dur- 
ing run-down. Such cases are not controllable by the governor. They 
result from the expected attrition during extended life or unfavorable 
environment. 

To guard against excessive increase in dial speed from the value at 
time of initial adjustment, precaution is taken during manufacture. As 
stated previously, lubricant traveling into the governor case after initial 
adjustment will cause a marked increase in dial speed. To avoid this 
sort of contamination, the governor case is washed after machining and 
sswabbed with clean chamois prior to insertion of the governor onto the 
shaft. Care is also taken to see that no lubricant is placed in the governor 
case during lubrication of the shaft bearings. These practices assure that 
initially the friction surfaces are relatively free from contamination. The 
increase in dial’ speed up to the 11 pulses per second possible during dial 
life will result primarily as a result of stud wear, increase in efficiency of 
the mechanism, and operation during periods of high humidity. 


Dial Speed Versus Governor Input Torque 


To substantiate the theoretical conclusion that the drive-bar governor 
should exhibit better regulation due to changes in input torque, experi- 
mental data were compiled on the dials equipped with the two type 
governors. The results of this test are plotted on Fig. 18, along with 
theoretical forcing curves for both governors. A coefficient of friction 
value of 0.25 was assumed in arriving at the theoretical curves. 

The dials were initially adjusted to 10.00 pulses per second by bending 
the governor spring to have proper tension. Loads of 1, 3 and 5 lb were 


A GOVERNOR FOR TELEPHONE DIALS 1291 


a 


RIVE-BAR 
GOVERNOR 


FLY-BAR 
GOVERNOR 


aa 
am 
\ 


Fa A 
ede 


i: 
© 
oO 


\ 





NNT 


i 
| | 
_— 
rT 
Ell 


NORMAL SPEED 


DIAL SPEED IN PULSES PER SECOND 


THEORETICAL 
0,4 EXPERIMENTAL 








Ww 
15 Weed 
h 
ro 


GOVERNOR INPUT TORQUE IN DYNE CENTIMETERS 


Fig. 138 — Dial speed versus governor input torque. 


suspended from the fingerwheel at 5g” radius and released. Average 
experimental speeds were recorded for the three forcing conditions and 
are noted in Fig. 13 for both the fly-bar and the new drive-bar governors. 
Good agreement, between the theoretical and experimental values, is 
evident. For a forcing condition of fifteen times normal motor spring 
torque, an average speed of 15.6 pulses per second is shown for the fly-bar 
governor while an average speed of 13.4 pulses per second is noted for 
the drive-bar type. Theoretically the speeds should be 15.3, and 13.2, 
respectively. This type agreement is also present for the 1 and 3 lb 
forcing conditions, and therefore, it may be concluded that for any input 
torque resulting from forcing the fingerwheel a dial equipped with a 
drive-bar governor will exhibit less speed increase than one having the 
fly-bar governor. 

The theoretical analysis indicates that for the torque available during 
normal rundown, drive-bar governors as specified in Table I will de- 
crease in speed from 10.00 to 9.80 pulses per second and fly-bar governors 
as specified in Table III will decrease in speed to 9.70 pulses per second. 
These theoretical speed changes were checked experimentally by record- 
ing on a rapid record oscillograph a trace of the make and break times of 
the pulsing contacts during rundown of the dial from digit zero. This 
information was used to determine the average dial speed in pulses per 
second for each sequence of make and break times. Actual loss in speed 
from the first to the ninth pulse for dials equipped with drive-bar gover- 
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nors averaged 0.24 pulses per second while dials with fly-bar governors 
decreased 0.33 pulses per second. The slight additional loss in speed 
noted experimentally was probably due to friction in the gear mechanism 
which is not considered by the theoretical analysis. However, since the 
differences recorded are quite small, one can conclude that the theoretical 
and experimental results are in good agreement even when concerned 


with small changes in torque experienced during normal rundown of a 
dial. 


CHATTER IN GOVERNORS 


It is not uncommon for governors with fine regulating ability to produce 
an objectionable chattering noise when operated near or at the vertical 
position. This chattering, while in most cases not particularly adverse 
from a regulation or wear point of view creates in the mind of the lis- 
tener grave doubts as to the correctness of the design. In severe cases a 
sharp noise is heard during every half revolution of the governor shaft 
as each weight alternately leaves the case and strikes against the end of 
the other governor weight. During every revolution of the governor shaft, 
each weight is alternately supported as shown in the schematic, Fig. 4. 
At this instant, the gravity moment about B is a maximum, and along 
with the spring moment, opposes the centrifugal moment. If the gravity 
component, or effective mass of the weight, is sufficiently large, a new 
system is produced which has a critical velocity in excess of the regulated 
speed. Since the governor speed is continually regulated by the bottom 
weight at a speed lower than the new critical velocity, the top weight 
falls from contact with the case. 

The magnitude of the gravity component is a function of the angle at 
which the governor operates and is a maximum when the dial is in the 
vertical position. As the operating plane of the dial decreases to the 
horizontal, the gravity effect decreases to zero. Chatter will not occur 
when the operating angle produces a gravity component smaller than 
the difference between the centrifugal force and the spring force. 

Since the chattering effect 1s the result of a balance of forces on the 
governor, it is apparent that a relationship can be derived which will 
express the effect in terms of governor constants. This derivation is given 
in Appendix ITI and shows the chatter equation for a conventional fly-bar 
governor to be 


ee G(d — ue) 


= Galan B (19) 
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This expression must be satisfied if the governor is to operate free of 
chatter. 

By substituting the constants for the fly-bar governor, in Table ITI, 
we have for this governor operating in the vertical plane 


7,500(0.890 — (0.25)(0.361)) 


3.9(980) < 9(118) (0.25) (1.092) 


or 
3,820 dyne-cm < 2,790 dyne-cm. 


Since the equation is not satisfied instability should be present and 
governors of this fly-bar design do chatter loudly when operating in the 
vertical plane. 

The chatter equation for the fly-bar governor indicates that by adjust- 
ing the design constants, one can eliminate the instability effect. This is 
true. A set of values could be used which would result in a fly-bar gover- 
nor which operates free of chatter. Unfortunately such a governor would 
also have reduced ability to govern. The relationship between chatter 
and governing is explained as follows. 

The equations which define changes in governor speed with respect to 
changes in friction and torque for the fly-bar governor 


Oe 2) 2 ae. 

Ou 20M yp? 
and 

dw _ 1(d — ue) 


oG 2 Muw 


and the chatter equation, (19), show that operation without chatter and 
good speed regulation are totally incompatible. Those terms in the 
equations which should be small for good speed regulation; i.e., torque G 
and stud location d and c, should be large to avoid chattering of the 
governor. Those terms which should be large for good speed regulation; 
ie., case radius r, friction w, and the distance from the pivot to the 
center of gravity 1, must be small for no chatter. As the theoretical 
analysis indicates there is no term in the fly-bar governor chatter equa- 
tion which can be operated on to eliminate chatter without impairing 
regulation of speed. 

A similar analysis, given in Appendix IV, shows the chatter equation 
for the new drive-bar governor to be 


G(d — pe — prj/e) 


2 
2rpe sin B wy) 


ms 
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This expression must be satisfied if there is to be no chattering during 
operation. A comparison of this equation with that determined for the 
fly-bar governor, equation (19), shows an additional term (urj/e). Sub- 
stitution of the design constants for the drive-bar governor given in 
Table I leads to the following. 


7,500(0.390 — (0.25)(0.361) — (0.25) (1.18) (0.236)/(0.498)) 


3.9(980) S 2(1.18) (0.25) (1.092) 


or 


3,820 dyne-cm S 1,862 dyne-cm. 


This indicates that instability should be present in this governor, and 
that the additional term (urj/e) causes a greater difference between the 
mass term and the torque term, than for the conventional fly-bar gover- 
nor. This is to be expected, since for the drive-bar governor also, adequate 
speed regulation, and a design which has no chatter, are totally incom- 
patible. The sensitivity of speed to torque change and changes in co- 
efficient of friction. 


do — 1 d — pe — prj/e) 





0G 2 Mop 

and 
do _ __Gd_ 
Ou 2Mwy 


were made as small as possible for best regulation and this results in a 
small value to oppose chatter. 

This chatter analysis indicates that a new approach in design is 
needed in order to provide a governor which will operate without 
excessive noise and still regulate speed as required for use in the 7-type 
dial. This is found in a design which prohibits rapid movement of the 
governor weights during the unstable period. 

Referring to the assembly drawing of the drive-bar governor, Fig. 3, 
which shows the governor in the rest position, one can see that each 
governor weigh rests on the end of one of the arms of the drive-bar. By 
supporting the weights in this manner the following two beneficial effects 
are achieved. One, during operation in new assemblies, the weights move 
outward to touch the case only a nominal distance of 0.007”. This small 
allowable motion in the drive-bar governor results in a low velocity of 
the weight at closure and hence, less impact noise. Two, because the 
drive-bar presses to rotate the governor weights, impact occurs as the 
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unstable weight skids against its arm of the drive-bar. This introduces 
friction damping to still further reduce the noise on closure of the weight. 
Some additional damping is provided by making the drive-bar and weight 
of powdered metal rather than wrought material. These features, which 
result from the particular physical arrangements of the component parts 
make possible the relatively quiet operation of the drive-bar governor. 
Experience with dials equipped with drive-bar governors indicates that 
they are effective since the noise due to chattering has been satis- 
factorily reduced so as to not be objectionable. 


SUMMARY 


This study has carried forward the work of C. R. Moore by presenting 
the derivation of theoretical equations which define speed for the drive- 
bar type governor. Design considerations necessary for optimum speed 
regulation indicated by the theory were applied in establishing the shape 
and working relationship of various components in the drive-bar gover- 
nor. Governors constructed to these dimensions have operated as forecast 
by the theory. The excellent agreement between theory and practice 
indicates that it is both desirable and practicable to apply the Moore 
theory in the design of governors. 

The initial requirements imposed on the design of a governor for the 
7-type dial were two-fold. The new governor had to provide speed regu- 
lation at least equal to the conventional fly-bar type and no objectionable 
noise could be created by the governor during operation. To better under- 
stand the reasons for noise in governors, suitable theory was developed 
for investigating this phenomenon. Application of this theory to any 
type governor results in an equation which defines chatter in terms of 
the constants of the governor. This equation and the equations deter- 
mined by the Moore theory for speed regulation indicate the existence 
of an interrelationship between speed regulation and noise in governors. 
The theory indicates that noise free operation and good regulation are 
totally at variance. The fly-bar governor supports this conclusion since 
this governor having fine control of speed also produces a chattering 
noise during operation. To satisfy both requirements, good regulation 
and quiet operation, it is first necessary to design a governor which will 
regulate properly and secondly, if the constants selected indicate that 
chattering will occur, prohibit excessive noise by providing means for 
restraining the system during the unstable period. 

This method of attack was taken in the design of the new drive-bar 
governor. By applying the Moore theory, a governor was developed for 
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use in telephone dials which is an improvement over the conventional 
fly-bar type governor. Fine regulation is provided by the drive-bar 
governor for a given change in the coefficient of friction between the studs 
and case. This is achieved by locating the studs as close to the weight 
pivot as manufacturing techniques will permit. Improved speed regula- 
tion is provided for varying input torque in the new governor as com- 
pared with the fly-bar governor. The experimental data shows the new de- 
sign able to control speed approximately twice as well. It is an effective 
non-forcing governor, prohibiting excessive increase in dial speed as a re- 
sult of forcing the fingerwheel during rundown. This nonforcing feature is 
achieved by applying the driving torque to the weights at a point to 
develop a moment about the weight pivot. This drive-bar moment assists 
the centrifugal force in maintaining pressure of the friction stud against 
the case for friction governoring. 

Having established a design which provided the degree of dial speed 
regulation considered necessary, it was then possible to investigate the 
second requirement of noise free operation. Application of the chatter 
theory to the drive-bar governor indicated the design to be unstable. 
This situation was controlled by using the ends of the drive-bar to limit 
the fall of the governor weights. This configuration of parts allows only 
small movement of the weights during the unstable period and provides 
damping as the weights close on the arms. The small motion and friction 
damping in the assembly results in a governor which is relatively free 
from noise during operation. Experience with dials equipped with drive- 
bar governors indicate that the chattering effect has been controlled. 
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APpPENDIx [ 
DERIVATION OF THE DRIVE-BAR TYPE GOVERNOR SPEED EQUATION 


Referring to Fig. 4, as the governor mechanism rotates in a clockwise 
direction each weight tends to move outward under the influence of 
centrifugal force and the torque force, F. The centrifugal force, F'n , 
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acts through the center of gravity of the weights radially from the turn- 
ing center of the governor shaft. The torque force, F’, is applied on the 
weights by the drive-bar arms. These forces are opposed by the spring 
force, F,. A stud-to-case force, Ff, , and a frictional component of this 
force, wl’, , act on the weights when the friction studs are in contact 
with the case. In deriving the equation of motion for speeds in excess of 
the critical velocity the following symbols will be used as noted on Fig. 4. 
F — Force applied by torque on, governor weights 
F,, — Normal force of case acting on studs 
F’, — Force exerted by spring when studs touch case 
F,, — Centrifugal force acting at center of gravity of each 
weight 
pn — Coefficient of friction 
Io — Moment of inertia of the governor about center shaft 
w — Angular velocity of governor 
w9 — Critical angular velocity at which studs just touch the 
case 
m — Mass of each weight 
ro — Radius to the center of gravity of each weight 
r — Radius of governor case 
a — Stud angle 
Neg. Rotation — Rundown of governor 
From the schematic, Fig. 4, taking moments about B we have 


Fb — F.b + uF.c — F.d+F =0 (1) 
collecting terms 
p. = fa — F.) + Fi (2) 
i (d — ue) 
The driving torque on the governor is G = 2Fe; the retarding torque, 
Qul’.r. The difference between the driving torque and the retarding 
torque is as follows: 
Ino = G — 2pF yr (3) 


where Jy) = Moment of inertia of the governor about the shaft center 
w = Angular acceleration about shaft center 
equating 


G — Iw 


F, = 
2ur 


(4) 
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Combining equations (2) and (4) and solving for the acceleration, 3, 


Cae Pe on a Cee 





(d — uc) 2Qur 
2F bur — 2(Fb— Fiur 4 >. 
(du) de) 


or 


G — — 2F »bur 2(F.b — Fj)yr 
In Ind — pe) In(d — uc) 


Substituting the following values for f,, , FP; , F 


o= 


2 
PF. = mao 
2 


G 
org 
then 


G _ 2mw robur 2may Moder _ apr 
Io Io(d — uc) In(d — uc) Iy(d — yc)e 


Substituting for the design constants 


o= 


K = Tol r 
M = 2mr°bK 
ae G M pw M pao. unjG 


Ip Ind — pe) Ind — pe) Told — nce 
or 


Mp Ps G Mu ihc urjG 
Io(d — pe) I, Id — pe) TG poe 


This is of the form 


a + (5) 


dw 2 

ai + gw h 
or 

di dw 
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Separating variables and integrating* 

















t= 5 Ln deere where ¢=* (6) 
Applying the initial conditions to solve for the constant c 
w = wo at t=0 
~_47,¢t 
2h - q —_ 0 
Substituting in equation (6) 
= %@yz7,¢te_ @ q + wo 
2h par ar eee q — wo 
Letting 
Pa qg + Wo 
g — o 
Then 
_ 47,1 Gt) 
t i Ln Gee (7) 
and 
ht — 
= q tanh (M+ tn va) (8) 


Equation (8) applies as the equation of motion for the drive-bar 
governor for speeds in excess of the critical speed when 


Mp 


1 T@= 10) ” 
= G(d — pe) + M po” — prjG/e 
“CT aes _ 


= h cast G(d — pe) + Mu? — urjG/e 11 
Vv! V/ Mu we 


AppENpIx II 
GOVERNOR INPUT TORQUE 


In order to apply the theoretical speed equations and the chatter 
equations developed for governors one must determine suitable values 


* Short Table of Integrals, Pierce, B. O., pp. 8, No. 50. 
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for the stud-to-case coefficient of friction, 1, and governor input torque, 
G. Experimental evidence indicates a » of 0.25 exists during normal 
operating conditions for hard rubber on brass. The values for governor 
input torque given in Tables I and III and used in the theoretical analy- 
sis for the governors were determined as follows. 

The initial torque applied to the governor for the pericd up to the 
critical velocity was calculated from oscillograph string traces. These 
traces were obtained by mounting on the end of the governor shaft a 
thin disc having 36 radial slots spaced uniformly about the circumference. 
Light, detected through the slots of the rotating disc on the element of a 
photo tube, appeared as a distorted sine wave on the photographic paper. 
The distance between two successive wave peaks represented 10° of 
rotation of the governor. By noting on the trace the time between peaks, 
it was possible to determine the average velocity of the governor at 10° 
intervals after release of the fingerwheel, or start of rotation of the gover- 
nor mechanism. The complete plot of these velocities appear as the 
experimental speed curve on Fig. 6. Inspection of the experimental curve 
for the drive-bar governor shows constant acceleration immediately 
after release. This appears as a straight line in the velocity time curve. 
Using the slope of this line and the moment of inertia, J) = 7.4 gm cm’, 
the initial governor torque was calculated as follows: 


Gr = Iw = pi 100(7.4) = 13,480 dyne-cm. 


The governor torque value during normal rundown was found by first 
determining the governor stud-to-case force, /, , and using this value 
in the equation 


G = 2uF,r 


The fly-bar governor mechanism was used to determine the F’, force 
since the moment equation for this type governor contains measurable 
values. Referring to Fig. 7, the schematic of the fly-bar governor, the 
moment equation about B is as follows: 


Fb — F.b — F,d + pFac = 0 


To solve this equation for F,, one must determine the centrifugal force, 
F,, , and the spring force, F’, . Using electronic flash equipment with an 
exposure time of 140,900 of a second, it was possible to take distortion 
free photographs of the governor mechanism at the middle of the run- 
down. These photographs were taken with the governor in the horizontal 
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TasLte V — Tyree Dian Governor Input Torqur at Puss No. 5 

















Dial No. P.P.S. Fn Fs Fn G 
1 9.89 37,820 32,820 15,320 9,050 
10.05 39,050 35,950 12,580 7,420 
9.92 38, 100 34,300 11,650 6,880 
2 10.02 38,920 35,230 11,340 6,700 
10.01 38,600 34, 880 11,400 6,730 
9.96 38,400 35,000 10,420 6,160 
3 10.03 38, 950 34, 100 14,850 8,770 
10.22 40,600 35,420 15,880 9 360 
10.08 39, 400 35,000 13,522 7,980 





Average 7,500 dyne-cm, approximately. 


position, thus eliminating the gravity effect. The deflection of the 
governor spring measured on the photograph was used to determine the 
F, force, and the governor speed, necessary to determine F’, , was taken 
from the oscillograph string trace. Three dials were tested, each having 
the same maximum motor spring torque, 490,000 dyne-cm, and clean 
governor cases and studs to produce an assumed coefficient of friction 
value, vw = 0.25. For three 7-type dials with fly-bar governors, the ex- 
perimental data given in Table V applies. 

As determined, this 7,500 dyne-cm torque at the governor exists at 
the middle of rundown of the dial. In order to compare it with the 
13,500 dyne-cm initial torque previously determined, it is first necessary 
to consider the effect of the motor spring. As stated previously, the torque 
provided by the motor spring during dial rundown decreases approxi- 
mately 35 per cent from the initial value of 490,000 dyne-cm. Logically, 
the torque at the governor would decrease by the same percentage. 
Applying this factor to the torque value for the middle of rundown gives a 
value of 10,500 dyne-cm which can be compared with the 13,500 dyne-cm 
torque. A difference of 3,000 dyne-cm exists for the value of initial torque 
at the governor as determined by the two test methods. This remaining 
difference can be explained by considering the frictional losses in the dial 
mechanism during rundown. This analysis follows: 

During rundown of the dial mechanism, a pair of pulsing springs ten- 
sioned against components on the pulsing shaft are alternately raised 
and lowered. This action allows contacts on the springs to open and close 
for pulsing in the telephone line. A portion of the input torque provided 
by the motor spring is required for performing this function. On Fig. 14 
are plotted the torque curves for these pulsing springs as the pulsing 
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Fig. 14 — Torque analysis for the 7-type dial pulsing shaft. 
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shaft rotates during rundown. Fig. 15 is a schematic of the pulsing 
springs as they appear when the contacts are closed and when open. 

For a short period during each revolution of the pulsing shaft, the puls- 
ing springs aid the motor spring in driving the gear system. This occurs 
when the springs are being lowered by the cam just prior to opening of 
the contacts. For the remaining portion of each revolution the motor 
spring must provide energy to overcome frictional losses and lift the 
springs. These changes in energy required for moving the springs have 
been combined to give the total instantaneous torque curve also shown 
on Fig. 14. 

As indicated by the pulsing spring torque analysis, the pulsing mech- 
anism absorbs an average of only 200 dyne-cm during the period when 
accelerating up to the critical velocity. For rotation after the critical 
velocity, the average torque needed to drive the pulsing mechanism is 
approximately 3,000 dyne-cm. The difference between these average 
torque values appear at the governor shaft as a 1,500 dyne-cm torque 
difference. That is, 1,500 dyne-cm more torque is available for driving 
the governor prior to the time the critical velocity is reached as com- 
pared to that available after this time. This accounts for one half of the 
3,000 dyne-cm difference in initial governor torques as calculated by the 
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Fig. 15 — Pulsing springs of 7-type dial. 
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TasLe VI 

Average torque at governor — Test No. 1, 

up to the critical velocity............. 13,500 
Average torque at governor — Test No. 2, 

after reaching the critical velocity..... 10,500 
Torque at pulsing mechanism.............. 1,500 
Torque required to overcome friction in the 

DOATIN GS es. 5 4o0 din ddanne He eee ead as 1,500 

Totals s.c4sces crete du. eas Hosen deeee 13,500 dyne-cm | 13,500 dyne-cm 











two test methods. The remaining 1,500 dyne-cm difference can be 
accounted for by considering the friction in the mechanism before and 
after the critical velocity. 

Initially the system is accelerating as a simple fly wheel under the 
influence of the motor spring. At the critical velocity the governor studs 
engage the case and the dial rotates at virtually constant speed for the 
rest of the rundown period. This implies that the average speed of the 
moving parts in the mechanism will be twice as great for the period after 
the critical velocity as before. By considering the friction which exists 
in the dial bearings,* one can see the effect of this change in speed on the 
torque required to drive the mechanism. In sliding bearings with film 
lubrication the coefficient of friction is a function of speed. Specifically, 
as the speed of rotation of the journals increases, the coefficient of fric- 
tion in the bearings will increase. Since the regulated dial speed is greater 
than the average speed while accelerating, friction in the system will 
also be greater. One can, therefore, justify the remaining 1,500 dyne-cm 
torque difference which exists before and after the critical velocity by 
considering it to result from the increased friction at the higher speed. 

Therefore, by considering the effect of the pulsing mechanism and 
friction in the system, it has been possible to account for the difference 
in torque determined by the two test methods. Table VI shows the dis- 
position of the torque. 


AppENpD1x III 


DERIVATION OF CHATTER EQUATION FOR FLY-BAR TYPE GOVERNOR 


Consider the governor rotating in the vertical plane at constant speed 
w. Referring to the schematic Fig. 7 and taking moments about B 


Fb — F.b — F,d + pF,c — ml sin B = 0 


* Design of Machine Members, Valence and Doughtie, p. 255. 


A GOVERNOR FOR TELEPHONE DIALS 13805 


where m = mass of weight 
| = distance from C.G. of the weight to the pivot (B) 
8 = operating angle of governor weights with respect to a hori- 
zontal plane 


For chattering to occur we know that the weight must leave the governor 
case. Therefore, at some angle 6 the gravity component will equal the 
forces tending to move the weight outward. For this condition pressure 
of the friction stud against the case will be equal to zero and 


F,d = 0 
uF,C = 0 
and the moment equation becomes for this equilibrium condition 
Fy»b = F,b + ml sin B (1) 
Centrifugal Moment = Spring Moment + Gravity Moment 


By applying the steady-state speed equation and the equation for cen- 
trifugal force we can transpose equation (1) to contain only design con- 
stants of the governor. From the steady-state speed equation 


oo ye — uc) + Myo 
Mp 


Substituting F, = mw) ro and M = 2mrrob 


mrrobuo” = G (d — pc) + mrrobul’s 
2 MY” 
or 
G (d= we) 


F, = mrw? — — 
rbp 


also, the centrifugal force is 
F,, = mao 
Substituting in equation (1) the values for (F,) and (F'n) 


G(d — uc) 


+ ml sin 6 
2rp 


2 2 
mw rod = mrowb — 
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or 


G(d — pc) 


ml sin B = = 
Lh 


where the gravity moment (ml sin 8) must be just equal to or smaller 
than [G(d — yuc)]/2rp to have no chatter occur in the governor. Expres- 
sing this in terms of the mass of the weight we have the chatter equation 


for the fly-bar governor as 


G(d — pc) 


us 2rul sin 8 


NA 


(2) 


APppENDIx IV 
DERIVATION OF CHATTER EQUATION FOR DRIVE-BAR TYPE GOVERNOR 


Referring to the schematic, Fig. 4, consider the governor rotating at 
constant speed w in the vertical plane. Taking moments about B 


F»b — Fb + Fj; + plc — F,d — ml sin B = 0 


where m = mass of weight 
| = distance from C.G. of weight to pivot B 
8 = operating angle of governor weights 
Assume that at some angle 6 the gravity component will be large 
enough to make the I’, force equal to zero and a condition of equilibrium 
exists. For this condition 


Fd = 0 
pF,C = 0 


and therefore, Ff; , the torque component on the weight, must also equal 
zero. The moment equation becomes 


Fb = F.b + ml sin B (1) 
Using the equation for centrifugal force 


2 
Fi, = Mw7o 
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and steady-state speed for the drive-bar governor 


= 4/ — ue) + Mu? — prjG/e 
@ = eC nn ne A Ce SS Se a N 
Mu 


where 
F, = mw ro and M = 2mrrob 
Solving for (F;) 
F, = mrw” — oe (d — pe — purj/e) 
2rub 


Substituting in equation (1), the values for F,, and F, 


mMe'rod = mrwb — _ (d — pe — prj/e) + ml sin B 
LL 


or 


ml sin B = x (d — pe — prj/e) 
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Expressing the equation in terms of mass of the weight we have the 


chatter equation for the drive-bar governor. 


Gd — ye — urj/e) 


< 
Ue 2rul sin B 


(2) 


In-Band Single-Frequency Signaling 


By A. WEAVER and N. A. NEWELL 
(Manuscript received June 7, 1954) 


Single-frequency signaling liberates dial systems from the restrictions of 
de signaling methods. This freedom, as might be expected, is most important 
in the long distance telephone plant where trunks are frequently too long or 
have no conductors for de signaling. The general plan of signal frequency 
(SF) signaling is based upon continuous signaling because of it’s speed 
and reliability. In this respect tt is like the usual de trunk signaling schemes. 
SF uses steady current in the trunk signaling path for the normal idle trunk 
condition and no current in the signaling path for the other and alternate 
busy (talking) trunk condition. This choice of signal conditions is essential 
for SF signaling in-band systems, which as the name implies operate within 
the standard voice channel, to avoid conflict between signal and voice trans- 
mission. The same conditions are also used in SF out-of-band and separate 
line systems. 

The in-band SF system can be used with any type or length of line facility 
that meets normal voice transmission requirements and 1s therefore the pre- 
ferred method used by the Bell System to meet requirements for toll dialing on 
a national basis, with other signaling arrangements limited to the shorter 
trunks. The requirements, design considerations, main features, and method 
of operation for the in-band system are outlined in this paper. 


INTRODUCTION 


The signaling requirements for dial telephone operation are naturally 
more exacting than those for manual switching methods. This means a 
high order of signaling system is needed to satisfy the requirements for 
the toll telephone plant and for automatic toll switching systems de- 
scribed in recent papers in this JouRNAL.’:” Indeed the advantages in 
speed and economy of dial telephone systems depend to a large extent 
upon the type of signaling provided for them. The signaling arrange- 
ments for intertoll telephone trunks which are the links between tele-_ 
phone switching systems, therefore, become most important. 

Dial operation in the past has been based upon de signaling which is 
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limited to relatively short distances and to line facilities having de paths 
available to them. In planning for nationwide dialing of long-distance 
calls the need for an ac signaling system for dial telephone trunks be- 
came apparent. The length of intertoll trunks and the extensive growth 
in carrier line facilities which do not have associated de paths made it 
necessary to develop ac dial signaling systems. The single-frequency sig- 
naling plan was developed for this purpose and is the first of its kind to 
satisfy the conditions associated with long distance intertoll dialing in 
the Bell System. 

There are now several trunk signaling means that may be grouped as 
using the SF signaling plan. These are (1) the adaptation of VI carrier 
telegraph requiring an additional line channel independent of the voice 
transmission line facilities, (2) N1 and O1 carrier signaling furnished as 
part of these carrier terminals using 3,700 cycles outside but adjacent to 
the voice paths, and (8) 1600-cycle and 2400-cycle signaling systems, 
the in-band systems that use the voice paths. 

Both in-band and out-of-band signaling have advantages and dis- 
advantages. The in-band single-frequency signaling system uses ac in 
the voice frequency range to pass full supervision and dial pulsing sig- 
nals over the same paths that are furnished for voice transmission in 
telephone trunks. This is accomplished without any loss in band width, 
change in line facility or addition of intermediate signaling equipment. 
On most calls voice and signal transmission are not required at the 
same time. On the few calls going to intercept operators voice trans- 
mission is impaired slightly by the effect of signal tone being on in one 
direction. On calls encountering busies, it is desirable to return both 
flashing supervision and interrupted audible tones. This can be done 
with out-of-band signaling but in-band signaling can return either but 
not both. The signaling system allows remote build-up and breakdown 
and provides for supervision of the temporary connections ordinarily 
used. Control and supervision of distant ends of trunks is required con- 
tinuously whereas dial pulsing is required only at the start of calls and 
speech transmission is required only when connections are established. 


TRUNK SIGNALS 


Before going into the details of the signaling system itself it seems 
appropriate to review the trunk signals it is called upon to transmit. 
Most intertoll trunks are arranged for two-way operation, which means 
that a connection can originate at either end. To permit this operation, 
the signaling in each direction must be symmetrical and the trunk must 
allow the direction in which the connection is established to determine 
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TaBLeE I — Cauuine To CALLED DIRECTION 





Trunk Condition Signaling Frequency 











Idle (disconnect) On 


Connect Off 

Dial pulsing* On, then off, on pulses corresponding with dial break 
intervals 

Ring forward On, then off, one pulse 





Disconnect (idJe) On 





* Multifrequency pulsing,’ a separate a-c signaling system, is a faster means 
of transmitting number information often used instead of dial pulsing. Its use 
eliminates only the dial pulsing signals. 


TaBLE II — CaLLED TO CALLING DIRECTION 











Trunk Condition Signaling Frequency 











Idle (on-hook) On 

Stop pulsing* Off 

Start pulsing* On . 

Flashingt Off, then on, off pulses corresponding with off hook 
supervision 

Off-hook (answer) 

Ring back On, then off, on for duration of ring 

On-hook (idle) On 


* Stop- and start-pulsing control signals are required only in connection with 
common control switching equipment. 

} Flashing supervision signals are required only for operators; the on intervals 
light cord circuit lamps to inform operators of the status of calls independently 
of the position of cord circuit talking keys. 


the signaling interpretation. The latter is conveniently identified by 
different names for the trunk signals in the two directions. Only tiwo 
signal conditions, that is, tone on or tone off, in each direction are re- 
quired for all dial trunk signals. Continuous dependence upon these two 
conditions assures a high degree of reliability because of signal redun- 
dancy. Tables I and II show the required dial intertoll trunk signals, 
together with the action taken in regard to the signaling frequency. 

The signaling system must be able to handle minimum and maximum 
length signals. The minimum times occur in dial-pulsing where the 
shortest signal element may be as low as 30 milliseconds. All other types 
of signals have longer durations. 

The maximum permissible transmission time for signals between trunk 
terminals is determined by the allowable unguarded intervals on two- 
way trunks, during which double connections may occur, and also by 
the stop-pulsing signal recognition interval. This time is limited to 
about 175 milliseconds. 

The distortion permitted in the transmission of signals is proportional 
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to the time duration of each signal. In general, variations in signal time 
should be within +5 per cent. All effects of the trunk signal medium 
should be confined within the trunk terminals or be of such character as 
to have no adverse reaction in connected circuits. This is necessary for 
proper operation of switched connections. 


BASIC PLAN 


The in-band single-frequency signaling system, although fairly com- 
plex in detail, is very simple in principle. Normally, i.e., when the circuit 
is idle, steady tone is transmitted over the line and holds relays operated 
at the receiving end. Signaling is accomplished by removing and re- 
applying this tone, which in turn releases and reoperates the distant 
relays. Independent operation is obtained in each direction with one 
signal frequency on four-wire lines, which have separate one-way trans- 
mission pathes from terminal to terminal, and with two signal fre- 
quencies, one for each direction of transmission, on two-wire lines. 

The signaling system is provided as a separate entity. It is connected 
in series with the transmitting and receiving branches of the line circuit 
at each end of a trunk and to the terminal relay circuit (trunk circuit) by 
two one-way signaling leads. A typical arrangement for a four-wire line 
terminating in a two-wire switching office at the West terminal and a 
four-wire switching office at the East terminal is shown in Fig. 1. 
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Fig. 1 — Application of single-frequency signaling to trunks with four-wire lines. 
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In the case of two-wire lines, the signaling equipment is applied to 
the four-wire transmission paths of terminal repeaters, using a different 
frequency for signaling in opposite directions. Band elimination networks 
are provided ahead of each receiving circuit to block the transmitting 
frequency, which would otherwise come into the receiver via echo paths 
and interfere with its operation. 


GENERAL DESIGN CONSIDERATIONS 


The successful use of the voice path for signaling, especially for con- 
tinuous as contrasted to “spurt” signaling, is feasible only by a compro- 
mise among a number of conflicting factors. These factors or design con- 
siderations are (a) choice of signal frequency, (b) signaling power and 
receiver sensitivity, (c) imitation of signal by speech or tones, (d) inter- 
ference to signal by other tones and noises, and (e) audibility of signaling 
tone to operators and subscribers. 


(a) Choice of Signal Frequency 


The choice of signal frequency is determined mainly by considerations 
of signal imitation by speech. As will be shown later on, signal imitation 
decreases rapidly as the signaling frequency is raised with the result that 
the highest frequency that can be reliably handled by the transmission 
path is used. In the case of some four-wire type lines, such as EB carrier, 
the highest frequency that should be used is 1,600 cycles. However, the 
use of 1,600 cycles results in an expensive signaling system and it is de- 
sirable to have another system using a higher frequency (2,600 cycles) 
for application to lines that can handle this frequency. These systems are 
basically the same in principle and both are described in the present 
article. 

For application to two-wire lines the second frequency used is 2,000 
cycles in the case of the older 1,600-cycle system and 2,400 cycles in the 
new 2,600-cycle system. 


(b) Signaling Power and Receiver Sensitivity 


To limit cross talk into adjacent voice channels and to avoid adding 
much signal power to the repeaters it is desirable to use the lowest prac- 
ticable signal power consistent with a usable signal-to-noise ratio. A 
value of —20 dbm referred to zero transmission level for the steady idle 
tone is satisfactory for this purpose. In order to obtain an overall margin 
of 8 db the sensitivity of the receiver is set. at —28 dbm. A higher power 
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-is used for a short time at the beginning of each application of signaling 
tone to help overcome line noise and attenuation variation. This power 
increase is 14 db for the 1600-cycle system and 12 db for the 2,600-cycle 
system. 


(c) Imitation of Signal by Speech or Plant Tones 


An in-band signaling system requires that the receiver respond to signal- 
ing tone and at the same time be non responsive to speech formed cur- 
rents. The principal design factors employed to achieve this feature are 
(1) the use of “guard action,” (2) the employment of as narrow a band- 
width as practicable for the signal selective network, (3) the use of 
volume limiting, (4) the use of the longest operate time practicable, 
consistent with trunk signaling requirements, and (5) the use of the 
highest frequency that can be handled by the voice path. 

“Guard action” is the principal means used in protecting the receiver 
against operation on speech. It consists in the use of nearly all fre- 
quencies in the voice band other than those in a narrow band centered 
on the signaling frequency to generate a voltage which is used to oppose 
that resulting from the signal frequency. The sum of these two voltages, 
plotted against frequency, for a typical receiver is shown in Fig. 2. A 

term used to specify the magnitude of the guard action is “guard-signal 
ratio” (G/S in Fig. 2) or just “guard ratio.”” The amount of guard which 
can be used is limited by signal to noise ratio because noise, like speech, 
tends to oppose operation of the receiver. A guard ratio in the range of 
6 to 10 db has been found to be practicable. 

Protection against signal imitation is also provided by narrowing the 
signal frequency band as much as practicable, since this reduces the 
effective operating power of voice and noise frequencies. However, the 

~ extent of this narrowing is limited since the operating bandwidth must 
be sufficient to allow for frequency variation in the signal supply, for 
carrier shift in the transmission path, for variation in the elements of the 
tuned circuit in the receiver and to allow for the transmission of the 
needed side bands of the signaling pulses. 

A bandwidth of 60 to 75 cycles at the 3 db points at dialing power 
(about — 6 dbm at zero level) has been adopted as about the minimum 
that is practicable. Because of limiting and guard action the effective 
bandwidth is a function of input power and in the particular designs 
adopted approaches about 150 cycles at the just operate point. 

Volume limiting is another means used to help prevent false operation 
on high levels of speech. The explanation of this action is illustrated in 
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Fig. 2 — Signal-guard characteristics of 2,600-cycle receiver. 


Fig. 3. The dotted line shows a characteristic for a receiver with no 
limiting, while the solid lines are for one with limiting. As shown, a given 
large input would produce an output of 2, the difference between the 
signal voltage and guard voltage components, for the former case and 
an output of 3, which is about half as much, for the latter case. This 
will be less likely to operate the receiver when applied for a short interval 
of time, although either will produce an operation if applied long enough, 
because either exceeds the just operate value F, . 

Having established the basic design parameters of sensitivity, band- 
width, guard to signal ratio, limiting characteristics and speed of re- 
sponse it is important to know the relationship between signal imitation 
and the frequency used for signaling. 

To obtain information on this subject a series of tests were made using 
a number of guard channel receivers as nearly alike as possible except for 
the frequencies of signal response, which were 800, 1,350, 1,800, 2,400 
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Fig. 3 — Limiter characteristics. 
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Fig. 4 — Signal-guard characteristics used in signal imitation tests. 


TasieE IIT 
Receiver sensitivity (0 level)............0. 0... c cece eens —28 dbm 
Receiver signal bandwidth (3 db points), at just operate level 
rN 6] $1507, Cea Ne ea ea Nn er Greer 150 cycles 
Guard to signal ratio....... 0.0... ccc cee nes 6 db 
Start of limiting above just operate, approx................ 5 db 


Minimum duration signal for operate...............2200005 50 ms 
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and 2,600 cycles. The signal-guard characteristics of all of these re- 
ceivers are shown in Fig. 4. Other parameters used are given in Table III. 

The results of these tests are shown in Fig. 5, where frequency is 
plotted against signal imitations per 100 calls. The receivers were located 
at New York and were connected at different times in trunks to Boston, 
Toronto, Buffalo, Pittsburgh, Washington and Miami, so as to get some 
geographical speech distribution. There was no. detectable geographic 
effect. 

The type of speech sound causing the signal imitation is also of in- 
terest even though we have not as yet been able to put this information 
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Fig. 5 — Results of signal imitation tests. 
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to use in the design of single frequency guard type receivers. In observa- 
tions on many thousands of calls it was noted that vowel type sounds 
were the predominant cause of signal imitations, with all except a few 
being formed by female speech. At the highest frequency tested (2,600 
cycles) over 90 per cent were caused by the long e vowel sound (as in 
feet). At the intermediate frequencies 1,350 and 1,800 cycle) most vowel 
sounds were noted, while at 800 cycles signal imitations were caused 
principally by two sounds, namely O (as in hole) which accounted for 
about 50 per cent of the total and aw (as in awl) and similar sounds like 
ah as in father. 

Signal imitations from vowel sounds are to be expected because of 
their relatively large energy and sustained nature. For instance it is well 
known’ that a sustained long e sound can have a large component in the 
high frequency range with very little energy in the range from 500 to 
2,000 cycles where the guard action is effective. Likewise a sustained 
long O sound can have a large peak in the 500-cycle to 1,000-cycle range 
with little energy in the 1,000-cycle to 3,000-cycle range where the guard 
action is effective for the 800-cycle receiver. 

Speech formed currents are not the only source of signal imitation. In 
one series of observations using 2,600-cycle receivers involving, circuits 
from New York to a number of other cities including Toronto, Boston, 
Baltimore, Washington and Miami a total of 69 signal imitations were 
observed. In each case an attempt was made to determine the sound 
that caused the false operation, with the results given in Table IV. 


NOISE CONSIDERATIONS 


Noise affects the signaling system in a variety of ways depending upon 
the nature of the noise and upon the particular signaling function being 
performed. When tone is first applied it is of course desired that the re- 
ceiver operate. However at this time the “guard” circuit is functioning 
because it is also desired that the receiver be non responsive to speech. 
Noise, which acts on the guard circuit like speech, will therefore tend to 
prevent operation of the receiver. If the noise is steady and large enough 
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it would of course permanently prevent operation, while if it is of short 
duration and occurred at the beginning of a signal interval it would only 
delay operation. Even a short delay would be harmful to ring forward or 
dialing signals but could be tolerated in disconnect or flashing signals. 

An example of how a short duration high level noise affects receiver 
operation is illustrated in Fig. 6. As can be seen this particular noise 
transient, which happened to be caused by a relay in the trunk circuit, 
occurred just prior to and overlapping the tone interval. It would se- 
riously damage a ring forward signal. The solution to this particular 
problem is to absorb the noise at its source, or prevent it from reaching 
the voice path. 

After the receiver is operated for a short time (0.2 sec or so) the guard 
action is removed. Later on when the tone is removed it is desired that 
the receiver release, but noise at this time will tend to prevent release. 
The solution to this problem is a compromise in receiver sensitivity, 
i.e., it must be sensitive enough to hold up on the weakest signaling tone 
and yet release on the maximum noise that can be tolerated from a 
speech point of view. Fortunately such a compromise is achieved with a 
sensitivity that will cause the receiver to hold with the tone about 8 db 
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Fig. 6 — Example of transient voltages generated by relay operation. 
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below normal and yet permit release in the presence of as much as 50 dba 
of thermal noise at zero transmission level. 


SPECIFIC DESIGNS 


The two signaling systems 1,600 and 2,600 cycles, are basically similar 
in principle. Hewever, as can be seen by reference to Fig. 5, a simple 
guard type receiver having a frequency of 1,600 cycles would have too 
many signal imitations. To overcome this the guard ratio during the 
talking condition was increased from 6 to 10 db, the minimum signal 
interval to just cause a response was increased to 100 milliseconds during 
the talking condition and the sensitivity was decreased to —16 dbm. 
As a result fairly complicated timing and switching circuits are needed 
to assure that both transmitting and receiving circuits have the right 
condition at the right time. 

Table V gives a summary of the principal design parameters of the 
two systems. 


DESCRIPTION OF 1,600-CYCLE DESIGN 


A front view of the 1,600-cycle main unit is shown in Fig. 7. This 
panel is 8 inches high by 23 inches wide and weighs about 20 Ib. The 
essential elements of the circuit are shown in Fig. 8. It connects to the 
trunk relays over two leads § and M and into the line circuit via leads 
labeled T, R, T,; and R,. The transmitter, shown in the upper portion of 
the figure, uses de biased germanium varistors (diodes) to control the 
application of signal current to the line, and for control functions, uses 
four relays designated M, co, HL and rr. The functioning of the first 
three except for tone control are described under the heading “‘Descrip- 
tion of 2,600 Cycle Design” later in this article. The rr relay (not shown) 
in conjunction with the m relay lengthens the sent pulse for the ring for- 














TABLE V 
Dialing Condition Talking Condition 
1,600 2,600 1,600 2,600 
Sensitivity, dbm........... 0.0... cee eee eee —28 —28 —16 —28 | 
Bandwidth, cycles 
TION OVEN Sn Si ch hee bias Soe ee etn area eae led tts 150 150 150 150 
FIG TOV Cl eae hue ci acuis Oreos meant. bfals: 60 75 60 75 
(Satd: ratio, Gb: 24 cnecadves canvases a seh ee 0 —6 10 6 
Minimum signal for just operate, ms....... 35 35 100 50 


Start of limit above just operate, db........ 5 5 5 5 
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Fig. 8 — Simplified diagram of 1,600-cycle signaling circuit. 
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ward signal because the far end receiver at this time has a long operate 
time. ge? 

The signal receiver is connected in series with the receiving branch 
of the voice transmission path and is provided with a voice amplifier to 
provide a blocking function so noises originating in the switching equip- 
ment or beyond will not interfere with operation of the signaling receiver, 
and to compensate for the signaling bridging loss. 

The receiving portion of the circuit is shown in the central and lower 
portions of Fig. 8. The idle condition of the trunk is shown, tone is being 
received, the r, rnc and RF relays are operated and the band elimination 
filter is inserted in the receiving branch to prevent signaling tone from 
entering a connected circuit and interfering with signaling there. 

The signal currents coming in from the line are passed through the 
signal amplifier, limiter and low pass filter and applied to the signal- 
guard network from which signal voltage is applied to the de amplifier 
tube to operate the above mentioned relays and open the E lead, which 
extends into the trunk circuit. Typical wave forms at several points in 
the circuit are shown in Fig. 9. The extra operate time provided during 
the talking condition is obtained from slow relays (not shown) which at 
this time are in the path from the r to the re relay. These relays also 
change the sensitivity, and guard ratio. 


_— RECTIFIED SIGNAL 
VOLTAGE €}, FIG. 8 


RECTIFIED GUARD 
VOLTAGE @2, FIG. 8 
RELAY _ 
OPERATES \ 


NET VOLTAGE AT 
DC AMPLIFIER 


| 
| 
Za pate | 


| 
| | | OUTPUT SIGNAL 
| (NO CORRECTION) 


Fig. 9 — Typical wave forms in 1,600-cycle receiver. 
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Fig. 10 — Front view of the 2,600-cycle signaling panel. 


The r delay, because of guard action and the fact that its secondary 
winding is closed through a varistor and resistance, is relatively slow to 
operate and fast to release. For this reason some form of pulse correction 
is necessary to get good dial operation. This is obtained with the re 
(regenerate) relay and its associated cr timing network, and there re- 
sults an output pulse within the needed limits, even though the signal on 
the r relay is shortened considerably. 


DESCRIPTION OF 2,600-CYCLE DESIGN 


The 2,600-cycle unit, shown in Fig. 10, is just half the size of the 1,600- 
cycle unit, costsless than half as much, and is of the “plug in” type so it 
can be readily replaced for maintenance action. 

A simplified diagram of the new signaling circuit is shown in Fig. 11, 
with the transmitting portion in the upper part of the figure and the 
receiver in the lower part. The transmitting portion employs three re- 
lays designated M, HL, and co which are interconnected to perform the 
following functions: relay m is used to key the signaling tone; relay HL 
(high level) adds 12 decibels to the tone power at the beginning of each 
_ signal tone application to improve signal reliability in the presence of 
line noise and variations in attenuation; and relay co (cut off) cuts the 
line momentarily to prevent noises originating in the switching equip- 
ment from interfering with signaling. 
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The operation of the receiver will be explained by describing its action 
(except for pulsing which will be described later) when signal frequency 
is received. This ac tone is amplified (or limited if it is too large) and 
then passed on to the signal and guard networks where a relatively 
high voltage results in the signaling channel and a lower voltage in the 
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Fig. 11 — Simplified diagram of 2,600-cycle signaling circuit. 
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guard channel. These voltages are then applied to rectifying circuits 
where positive and negative de voltages are developed and passed on 
to the de amplifier tubes a and B, respectively. The rr relay operates 
first and cuts in the band elimination filter thereby preventing signaling 
tones from entering a connected toll line and interfering with the signal- 
ing there. However, a short spurt of tone will get through because of the 
finite time required to operate this relay, and the r relay must therefore 
be made slow enough so that it will not operate on this tone. This action 
is obtained with the resistor-capacitor network (or and c3) in the grid 
circuit of the associated de amplifier. 

A short time (about 200 ms) after the Rr relay operates, a relay 
(not shown) releases, which short circuits the guard network and inserts 
enough resistance in series with the signal network to substantially re- 
move its tuning. The purpose of removing the guard action during the 
idle condition is to prevent release of the receiver which would otherwise 
be caused by occasional bursts of line noise. 

The signal network is made broad at this time for the following reason. 
In connections to an intercepting operator, “off hook” supervision is not 
returned to the originating end to avoid charging for the call. This means 
that tone remains on the line to continue to hold up the receiver. At the 
same time the intercepting operator’s:speech must of course be trans- 
mitted over the line so that both speech and tone enter the receiver. 

Speech can be of a relatively high power as compared to the tone with 
the result that the action of the limiter tends to suppress the tone and 
could falsely release the receiver if the signal tuning were present. How- 
ever, with broad tuning either speech or tone will hold up the receiver 
and no trouble is encountered. 

The blocking amplifier seen in Fig. 11 has the same function as in the 
1,600-cycle design described previously. 

Among the new features in this unit, one of the most significant is 
the pulse-correcting circuit. This feature is a very important element 
in the entire long distance connection since it serves to keep the length 
of the dial pulses within specified time limits. The dial pulses on many 
calls may have to go through a number of central offices and all their 
associated equipment, and in each stage of the transmission path the 
ideal 60-millisecond dial pulse may be distorted so that it becomes too 
long or too short. | 

The pulse-correction is accomplished by generating appropriate tran- 
sient voltages, whose duration is determined by capacitor-resistor net- 
works. These voltages are then applied to the grid of de amplifier B in 
Fig. 11 to perform the elongation or shortening of the pulses as required. 
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Dial pulses of 2,600-cycle tone with various degrees of distortion enter 
the circuit at the left of the diagram. It is desired that they be corrected, 
converted to an interrupted de current in lead © by means of relay R, 
and then passed on through the toll office. This break in the de current 
will effectively key the next outgoing tone transmitter, which faithfully 
reproduces the break intervals. The k and r¥ relays are shown operated 
as would be the case if an originally short dial tone pulse were being con- 
verted into a longer de current break in lead 5, i.e., closer to 60 milli- 
seconds in duration. 

Currents of signal frequency build up voltages across the “signal 
network,” while currents of any other frequency, such as those from 
speech, build up voltages across the ‘‘guard network.” These voltages are 
rectified separately, as shown, to obtain oppositely poled de voltages 
across the signal capacitor s and the guard capacitor a. During normal 
speech, the voltages across the guard capacitor will dominate and, being 
negative, will keep the grid of dc amplifier B negative to prevent opera- 
tion of the R relay at this time. 

However, when dial tone pulses are applied, the main voltage will 
appear across the signal capacitor, with a small transient voltage ap- 
pearing across the guard capacitor due to sidebands of the dialing fre- 
quency. This transient, being negative, produces an effect shown at (a) 
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Fig. 12 — Wave forms for lengthening of short dial pulses. 
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in Fig. 12, the middle diagram of which represents the voltage on the 
grid of the de amplifier 8. The voltage on the grid of this amplifier will 
thereafter build up slowly as shown at (b) because of the or (operate 
time) resistor and c3 capacitor. In this illustration it is assumed that the 
incoming dial pulse has a duration of only 40 milliseconds, which is 
shorter than desired. In this particular case the rr relay operates about 
at time (b) and the r relay at point (c), which is just prior to the end of 
the pulses. It is therefore necessary, in order to obtain a corrected output 
signal, to delay the release of the r relay. This is accomplished by causing 
current to flow into the grid of the de amplifier tube B from time (c) to 
time (d). This current comes from energy stored in cz from battery pD 
prior to time (c) and from the positive transient at the plate of tube a 
generated by the end of the pulse. At time (d) the rF relay releases, and 
the voltage on the grid of the dc amplifier B decays along the line from 
(d) to (e), at which point relay R releases. The result is that the R relay 
has sent on a pulse that has been corrected from an original 40 to a final 
50 milliseconds. It is possible but uneconomical to build a unit that 
would achieve perfect pulse correction to 60 milliseconds, but when a 
number of toll lines are in tandem, the pulses will have to pass through 


75MS 25MS 75MS 


SERIES OF 
INCOMING DIAL 
PULSES OF 
2600 \ TONE 
(TOO LONG) 


GRID VOLTAGE 
ON DC 


AMPLIFIER (B)  _-6v 
IN FIGURE 11 


OUTPUT CURRENT 
IN CIRCUIT E 
OF FIGURE 11 





| 
CORRESPONDS TO 
75 MS INTERVAL 


Fig. 13 — Wave forms for shortening of long dial pulses. 
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several sr units, and the pulses will therefore be brought close to 60 
milliseconds by the successive corrections. 

The action of the pulse corrector when the incoming signal is too long 
will be explained with the help of Fig. 13. Here the cycle of events will 
be assumed to start at (a), just at the end of an incoming dial pulse. 
From (a) to (b) current will flow into the grid of the de amplifier B, at 
(b) the rr relay will release, and the voltage will start to decay, all ac- 
tions so far being the same as in Fig. 12. In this instance, however, a new 
pulse would come along before the r relay has had a chance to release, 
and unless something is done about it, it would not release at all. 
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Fig. 14 — Per cent break input versus output characteristics for (a) 9 pulses 
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This “something” consists of using the large negative transient voltage 
generated at the plate of tube a resulting from the application of a posi- 
tive pulse to its grid. This transient, shown at (c) drives the grid of B 
rapidly and heavily negative, thereby forcing the r relay to release. The 
remainder of the pulse-correcting action consists in using this same 
transient to delay the reoperation of the r relay. This is accomplished by 
storing some of the energy in the rR, c, network. This slows the building 
up of the voltage as shown at (e), and the relay r reoperates at (f). The 
resultant repeated signal is shown below, where a 75-millisecond signal 
has been pulse-corrected to 65 milliseconds, further corrections being 
effected in the subsequent sF units. 

Dialing performance of typical signaling units is shown by graphs in 
Figs. 14(a), (b), and (c). These curves show per cent break input plotted 
against per cent break output for 9, 10 and 12 pulses per second for one 
and 6-link operation. If the system were linear the input-output charac- 
teristic would be a 45 degree straight line. When the slope is less than 45 
degrees there is pulse correction, and if the slope were zero with an output 
at 60 per cent, pulse correction would be perfect. It is noted that the 
pulse correction action improves as the speed increases and at 12 pulses 
per second the output is nearly independent of input. 
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Centralized Automatic Message 
Accounting System 


By G. V. KING 
(Manuscript received May 6, 1954) 


A centralized automatic message accounting system (CAMA) has been 
developed so that the billing data can be recorded at a centralized crossbar 
tandum office for message unit and toll calls originated by telephone customers 
served by a large number of local dial central offices. 1t 1s an essential part 
of facilities for economical nationwide customer dialing through central 
offices with older types of switching equipment and through other central 
offices which could not otherwise economically give this service. The new sys- 
tem records the billing data on paper tapes in the same form now used by 
local automatic message accounting systems. Tapes for both local and cen- 
tralized automatic message accounting systems are processed in the same 
accounting center. 


INTRODUCTION 


One broad objective of the Bell System is to extend the customer’s 
dialing range so that ultimately he will be able to dial his own calls to 
any telephone in the country in much the same way as he now dials local 
calls. Several steps toward this goal have already been taken. A revised 
fundamental plan’ for automatic toll switching’ has been adopted which 
involves among other things the use of a nationwide numbering plan* 
covering the United States and Canada. In accordance with this plan 
each customer will be given a distinctive 10-digit designation which will 
consist of a 3-digit regional or area code, a 3-digit central office code, and 
a 4-digit customer’s number. In many parts of the country automatic 
toll switching systems’ are now in use by operators who complete more 
than 40 per cent of all toll calls by dialing directly to the called telephone 
in distant cities. 

In order that customers may use these switching systems to dial their 
own toll calls, some automatic means for recording the necessary billing 
information on such calls must be provided. 
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PRESENT RECORDING AND CHARGING METHODS 


Several types of automatic recording equipment are now in service in 
the Bell System. 

Multi-unit registration (zone registration) has been in use for many 
years in a number of panel and No. 1 crossbar central offices whose rate 
structure permits bulk billing. This method can be used for calls which 
cost 6 or less message units for the initial period. Although zone registra- 
tion is economical, it does not provide a detailed record of each call but 
merely scores the number of message units on a register associated with 
the customer’s line. . 

Remote control zone registration has been serving customers in panel 
central offices since 1941. It is similar to multi-unit registration, but the 
timing and register control equipment is located in a tandem office in- 
stead of in each originating panel central office. 

Automatic ticketing,’ which was developed some years ago for use in 
step-by-step central offices, does make a record of the details of each 
customer dialed call. A simple ticket printer is permanently associated 
with each outgoing trunk to produce an individual typewritten ticket 
for each call. Common relay equipment is used to furnish the called num- 
ber, calling number, etc. to the printer. The information printed on the 
ticket is in detailed form and is similar to that prepared by the operator 
in manual operation. It can be used for billing the customer manually 
either on a detailed or a message unit basis. 

A greatly improved form of recording, the Automatic Message Ac- 
counting’ (AMA) system, was introduced into the Bell System in 1948. 
In central offices having this equipment, all of the data required for 
billing of customer dialed calls are automatically perforated in code on 
paper tapes. These tapes are taken to an accounting center where they 
are processed by suitable machines to produce customers’ bills. The re- 
cording machines are associated with the transmission circuits only when 
required to make a record, one recorder serving up to 100 such circuits. 
Recorders, together with their associated equipment, are installed in each 
central office arranged for local AMA recording. The information for 
each call is recorded on the tape in three stages, or entries. The initial 
entry is recorded after the customer has finished dialing. One time entry 
is recorded when conversation starts and another when conversation 
ends. For short-haul calls that are to be billed on a message unit basis, 
the initial entry contains only the calling office code and telephone num- 
ber, and the charging rate. This information, together with the duration 
of the call, is sufficient for determining the charges. On toll calls which 
are to be billed in detail, the called office and telephone number are also 
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required. This system permits individual and two party customers in 
No. 1 and No. 5 crossbar offices to dial calls to telephones in their home 
area. In addition, customers in some No. 5 crossbar central offices may 
now dial directly to other areas. These facilities have been installed in 
No. 5 crossbar offices in Englewood, N. J., and in several other locations 
whose customers now may dial directly to about 13 million telephones in 
13 metropolitan areas. 

Relatively expensive recording equipment is required in each central 
office in the local AMA system. For new central offices this recording 
equipment is economical only if the toll and message unit calling rates 
are relatively high. The addition of local AMA recording equipment to 
existing offices is, in most cases, uneconomical. 


CENTRALIZED AUTOMATIC MESSAGE ACCOUNTING 


The Centralized Automatic Message Accounting system (CAMA) pro- 
vides an econqmical means of recording billing data for customer dialed 
calls from many central offices that cannot justify local AMA. This 
system is economical because one group of recording equipment, located 
at a crossbar tandem office,’ can serve as many as 200 local central 
offices without requiring major changes in, or additions to, those offices. 

The first crossbar tandem equipment arranged for CAMA was placed 
in service in Washington, D. C., in November, 1953. This equipment 
serves the customers in 85 central offices in Washington and in suburban 
Virginia and Maryland. They are able to dial each other directly and to 
dial their own calls to Baltimore and to other nearby toll points. Even- 
tually, they will be able to dial their own calls to most points in the 
United States and Canada. Similar crossbar tandem CAMA equipments 
have been installed in Detroit, New York, San Francisco and Phila- 
delphia. 

The CAMA installation at Detroit enables the customers served by 
approximately 800,000 telephones in 99 Detroit panel and No. 1 crossbar 
local central offices to dial station-to-station multi-unit interzone and 
toll calls to 63 communities in Michigan and in nearby Canada. The 
map of Fig. 1 shows this dialing area. 


THE CROSSBAR TANDEM SYSTEM 


The crossbar tandem system into which CAMA has been introduced 
is used today in panel-crossbar and step-by-step areas. It receives calls 
from local dial central offices and completes them to other local central 
offices and to the toll network. It is also arranged to receive calls over 
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Fig. 1— Points reached via Detroit CAMA at cutover in Dec., 1953. 


intertoll trunks and complete them to other intertoll trunks or to local 
central offices. In many situations, it provides more efficient trunking 
facilities between central offices than do direct trunks and connects to- 
gether offices with different signaling systems. Since the present crossbar 
tandem offices have in themselves no means for recording billing data, 
their use has been restricted to operator dialing, to customer dialing of 
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flat rate calls from all types of central offices, and to customer dialing of 
message unit and toll calls from central offices using one of the present 
methods of charging. 


FIELD OF USE FOR THE CAMA SYSTEM 


The CAMA system, as now developed, is suitable for use in panel- 
crossbar local areas. It is arranged to serve 7-digit calls only since fa- 
cilities for 10-digit dialing are not available for panel and No. 1 crossbar 
central offices. Thus, in general, it can complete calls only to its own 
numbering area. However, provision is made for completing calls to one 
adjacent area, this area being selected by dialing ‘“‘one-one”’ ahead of 
the listed 7-digit number. 


BRIEF DESCRIPTION OF THE CAMA SYSTEM 


If a customer makes a call that requires CAMA treatment, the call 
will be routed by the local central office to a crossbar tandem office 
arranged for CAMA recording. Until automatic means for identifying 
the calling customer’s number for billing purposes is developed, an oper- 
ator will be bridged on the connection at the tandem office to obtain the 
calling number and register it in the CAMA equipment by keying. The 
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Fig. 2 — Simplified switching diagram. 
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information necessary for correctly charging for the call will then be re- 
corded on paper tape by the automatic message accounting equipment 
located in the tandem office. This method of operation is shown in 
simplified form on Fig. 2. 

A more detailed block diagram of the principal equipment units and 
their interconnections for a crossbar tandem CAMA office in a panel- 
crossbar area is shown in Fig. 8. Here the switching equipment consists 
of the conventional trunks, sender link frames, senders, markers and 
trunk link and office link frames for switching calls through the office. 
Such new units as the position link frames, positions, transverters, billing 
indexers, recorders, call identity indexers, and master timer constitute 
the major AMA equipments needed for recording the billing information 
for each call. Most of these have functions similar to corresponding local 
AMA equipments. AMA features have also been added to the trunks, 
sender links and senders. 
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Fig. 3— Block diagram of CAMA system in panel-crossbar areas. 
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FUNCTIONS OF THE CAMA SYSTEM 


The functions of the system in establishing a connection and in re- 
cording the billing data may be divided into seven major groups as 
follows: 

1. Operation of the sender link and control circuit in selecting an idle 
sender and connecting the selected sender to the incoming trunk. 

2. Receiving and registering the called office code and number in the 
sender. The sender does not pulse the entire number forward until the 
AMA functions are completed. 

3. Operation of the marker in establishing the connection through the 
switches and furnishing the sender with directions for completing the 
call. 

4. Operation of the position link and control circuit in selecting an 
idle occupied position and connecting it to the calling customer. 

5. Obtaining the number of the calling telephone verbally from the 
customer and keying it into the sender. 

6. Connection of the sender to a transverter and billing indexer and 
the derivation of the billing data from the called and calling office codes 
and the rate class of the calling customer, and recording the charging 
information on the AMA tape. 

7. Operation of the sender in transmitting information of the proper 
type to the terminating office, or if a toll call, to the next toll office in the 
chain. 


Calls from Panel and Crossbar Customers 


The first three functions in a crossbar tandem CAMA-equipped office 
in a panel-crossbar area are the same as in a non-CAMA office. Since 
published information on these features’ is available, they will not be 
described in detail. 

The fourth major function is handled by the position link and control 
circuit which is shown in block diagram form in Fig. 4. This circuit con- 
sists of primary and secondary crossbar switch links and control circuits 
in duplicate. Each group functions independently to serve calls to the 
same 40 senders and can connect to two different groups of 50 positions. 
In case of failure of one link group, the other link group will continue to 
serve calls to the 40 senders. The control circuits are arranged in such a 
manner that all senders and all positions receive essentially equal treat- 
ment. 

When the position link connects the sender to an idle CAMA position, 
the operator obtains the calling number verbally from the customer and 
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records that number in the sender by the operation of numerical keys 
located at her position. The CAMA switchboard shown in Fig. 5 is a 
cordless board of modern sheet metal design. 

The sixth group of functions — that of converting the data into the 
desired form and perforating it on the paper tape — is performed jointly 
by the transverter, the billing indexer, the recorder and the call identity 
indexer. The transverter is very similar to that used in local AMA. It 
registers the calling and called number received from the sender, registers 
the billing data received from the billing indexer and controls the re- 
corder in the perforation of the initial entry. 

The billing indexer is strictly a translating circuit. It receives the 
calling and called office codes and the customer rate class from the trans- 
verter and converts this information into a form which the transverte1 
and recorder can use. It provides a 1-digit billing index, which denotes 
the charging plan to be used, and provides a type of initial entry indica- 
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Fig. 4 — Position link and control circuit. 
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Fig. 5 — Switchboard. 


tion which tells the transverter whether to perforate a two- or a four-line 
initial entry. The two-line initial entry used for calls billed on a message 
unit basis contains only the calling office code and telephone number, the 
billing index and the trunk identity whose function is discussed later. 
This information, together with the duration of the call, is sufficient for 
billing. Four-line entries contain, in addition, the called office code and 
telephone number. They are used for detail billed toll calls and for those 
bulk billed calls on which all details of the call are required for record 
purposes. Fig. 6 shows a simplified schematic of the billing indexer. The 
calling office code combined with the customer rate class, chooses a par- 
ticular rate treatment relay. This rate treatment is common to all cus- 
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Fig. 6 — Simplified schematic of billing indexer. 
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tomers in the area who are charged alike for their calls through the 
tandem office. To actually determine the billing index or charge treat- 
ment for each call, the rate treatment is modified by the called office code 
by means of the rate treatment relays. Since calls with the same billing 
index may require a 2-line entry if originated in some offices and 4-line 
entry if originated in other offices, the billing index and calling office 
code information are translated jointly by means of the entry combina- 
tion relays to produce either the 2-line or 4-line indication. 

The recorder,® call identity indexer and master timer circuits are of 
the same type as used in local AMA and perform the same functions. 
The recorder perforates initial entries as directed by the transverter. It 
also perforates a timing entry at the beginning of conversation and an- 
other at the end of conversation. The call identity indexer, one of which 
is associated with each recorder, identifies the trunk used on a call as a 
particular one of the maximum 100 served by a recorder. This enables 
the recorder to perforate that identity on initial and timing entries. The 
identity is used by the accounting center to gather together the three 
entries involved on each call. 

The master timer’ keeps the recorders continually informed as to the 
correct time. 

When the initial entry is completely recorded on the AMA tape, the 
sender completes its task of pulsing the called number forward and then 
releases. The transmission path is now completed through the tandem 
office and the only CAMA functions remaining are the perforations of 
the timing entries mentioned above. 


ACCOUNTING CENTER PROCESS 


The accounting center process for CAMA is the same as for local 
AMA. It automatically assembles the three bits of information pertain- 
ing to each call, computes the conversation time on all calls, sorts by the 
type of call, prices each call either in terms of message units for bulk- 
billed calls or in terms of dollars for detail billed toll calls and brings 
together the records of all calls made by each customer. 


MAINTENANCE FEATURES 


To properly maintain the AMA recording facilities, test circuits are 
provided for testing the major features of the CAMA. equipment. An 
automatic incoming trunk test circuit tests the CAMA trunks. An auto- 
matic sender test circuit tests the CAMA senders in much the same way 
that the present sender test circuit tests non-AMA senders. Facilities 
are also provided for making operating tests of the position links, posi- 
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tions, transverters and billing indexers. As in the local AMA system, 
testing of the recorder features is done by the test unit on the master 
timer frame. 

The AMA circuits are provided with many self-checking features 
which detect trouble while a call is being handled. When a trouble is 
detected, the AMA circuits connect momentarily to a recording circuit 
called a ‘trouble indicator’? which lights lamps to indicate how far the 
call has progressed and which of the common control circuits were used 
on the call. This information aids the maintenance force in locating the 
trouble. 


FUTURE DEVELOPMENTS 


As stated earlier, use of Centralized Automatic Message Accounting 
by panel and crossbar customers will be restricted initially to calls to 
the home area and one foreign area. The centralized recording will be 
done initially at crossbar tandem offices with operators identifying the 
calling telephones. Ultimately, customers served by all types of dial 
local central offices will be able to dial their own calls — local or nation- 
wide. Operator identification of individual and two-party lines will be 
replaced in many cases by automatic identification. The centralized re- 
cording equipment will be located in various types of tandem and toll 
offices as determined by the economics of each case. 


CONCLUSION 


The development of Centralized Automatic Message Accounting 
arrangements is another major step toward nationwide customer dialing 
from central offices which cannot be economically equipped with local 
AMA recording equipment. 
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The Wave Picture of Microwave Tubes 


By J. R. PIERCE 
(Manuscript received March 12, 1954) 


Many nmucrowave tubes make use of a long electron beam. The radio fre- 
quency excitation on such a beam can be expressed in terms of two space- 
charge waves, one of which has negative energy and negative power flow. 
The electron beam may pass through resonators, through lossy surroundings, 
through slow-wave circuits. In this paper the low-level operation of klystrons, 
resistive-wall amplifiers, easitrons, space-charge-wave amplifiers, traveling- 
wave tubes and double-stream amplifiers is explained in terms of waves on 
electron beams and on circuits. Noise ts discussed in terms of such waves. 


INTRODUCTION 


There are many different ways in which one can make a valid analysis 
of the low-level or small-signal behavior of the many types of microwave 
tubes which use long electron beams. Which way one should choose de- 
pends partly on one’s purpose in making the analysis, and partly on the 
particular problem to be solved. 

All of these analyses lead at some point to waves or modes of propaga- 
tion: waves which travel along an electron stream, along a circuit, or 
along the two together; waves which are unattenuated or which increase 
or decrease with distance. Sometimes, the analysis starts out with elec- 
tron current, electron velocity and circuit dimensions as the fundamental 
physical quantities, just as network analysis can start out with induc- 
tance, capacitance and resistance. However, an analysis can start out 
instead with waves, their propagation constants and their characteristic 
impedances as the fundamental physical bases of the analysis. We might 
argue that as we are to end with waves, we‘may well start with waves. 
As it turns out, the picture of the operation of various tubes in terms of 
waves is simple and pleasing. 

It is the purpose of this paper to present a picture of the operation of 
microwave tubes in terms of waves. This may be of some interest to 
those outside of the tube field, in that it gives an account of many recent 
devices. For experts in the field it can serve as an introduction to a 
method of analysis which is fairly recent and which may be unfamiliar. 
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In this analysis, certain simplifications are made. One underlying 
simplification is that of linearity; it is assumed that at low signal levels 
the behavior of the electron stream, which is inherently non-linear, can 
be represented by that of a truly linear system. 

As this paper purports to give an accurate and useful picture of the 
low-level operation of microwave beam devices rather than an exhaustive 
discussion, some details have been omitted or passed over lightly because 
they seemed to be of secondary importance. Material which may be un- 
familiar to workers in other fields but which is important as background 
is presented in appendices A to C. Various points can be pursued further 
in the literature. References to publications and to those responsible for 
various advances are not given in the body of the paper or in the ap- 
pendices; they are given for each topic in Appendix D. 


SPACE-CHARGE WAVES 


Many microwave tubes embody a long, narrow electron beam sur- 
rounded by a conducting tube and focused or confined by a longitudinal 
- magnetic field. At low levels of operation, the radio-frequency disturb- 
ances on such an electron stream can be expressed in terms of space- 
charge waves. 

In these waves, two forms of energy are of primary importance: 
electrostatic energy associated with the bunching together of electrons, 
and kinetic energy, associated with differences in the velocities of the 
electrons. Thus, the waves may be called electromechanical; the electric 
energy which we associate with waves in transmission lines and wave- 
guides is present, but the magnetic energy is replaced by kinetic energy. 
In circuit terms, we have an electrical capacitive element, but the in- 
ductive element is inertial, not magnetic in nature. When the electron 
and wave velocities are slow compared with the velocity of light, the 
magnetic fields produced by the electron convection current are negli- 
gible. 

There may be many space-charge modes or waves in an electron 
stream, some with complex radial and angular variations of amplitude 
over the electron stream. Two waves predominate in the operation of 
tubes, however, and one simplification we will make is to deal with these 
only, and to disregard other modes of propagation on the electron stream. 
Appendix A discusses such a pair of waves in a simplified physical system. 

We can associate with these two waves an ac electron convection cur- 
rent 7 and an ac electron velocity v. Hither we can assume that the elec- 
tron beam is narrow and disregard the fact that these quantities vary 
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across the beam, or we can deal with peak or effective values much as in 
the case of voltages and currents in waveguides. 
These ac quantities are assumed to contain a factor 
ert e 

That is, they vary sinusoidally with time and with distance, and (as- 
suming £8 to be positive) propagate in the +2 direction. The phase con- 
stants 8 of the two waves will be called 6; and 62. For beams of mod- 
erate charge they are very nearly 
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Here w is the electron speed, w is the operating radian frequency and w, 
is the effective plasma radian frequency. 
The plasma frequency of the electron beam w, is given by 
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Here e/m is the charge-to-mass ratio of the electron, po is the charge 
density and « is the dielectric constant of vacuum. In terms of w,, w, 
may be expressed 


®g = Rap 


Here R is a factor somewhat less than unity which depends on the 
geometry of the electron beam, on w and w, , and on the velocity distribu- 
tion of the electrons (see Appendices A and C). 

Let us consider the simple case in which FR is unity and the effective 
plasma frequency is equal to the plasma frequency. The phase velocities 
V1 and v2 of the two waves, which are w divided by 8, are 
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Thus, the first wave has a phase velocity less than that of the electrons; 
it is a slow wave, and the second wave is a fast wave. 
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Suppose we make up a radio-frequency pulse out of various fre- 
quency components of one wave. The pulse envelope generally travels 
with a different velocity from that of the rf sinusoids under the envelope. 
The velocity of the envelope is called the group velocity. The group 
velocity is the velocity with which a signal is transmitted. The direction 
of the group velocity is the direction in which causality acts (for some 
waves the phase velocity and the group velocity have opposite direc- 
tions). The group velocity tells in which direction energy flows, and the 
power flow P is the stored energy per unit length, W, times the group 
velocity, vy . 


P= W), 
The group velocity is given by 

Vv, = _t 

7 AB/dw 


We see that for our assumption w, is equal to w, , the group velocity for 
each wave or mode is uw, the velocity of the electrons in the beam 


Ug = Uo 


Thus, of the two waves, the first has a phase velocity slower than that 
of the electrons, the second has a phase velocity faster than that of the 
electrons, and each has a group velocity equal to that of the electrons. 

A simple discussion of power flow is given in Appendix B. In describ- 
ing the excitation of the electron stream we can use the convection 
current 7 together with a quantity U which is analogous to voltage. In 
terms of the ac electron velocity v, 


The real power flow P is given by 
P = W(iU* + 7*U) 


This relation is justified in Appendix B. 

For each of the two waves the voltage U bears a constant ratio to the 
current 7; this ratio is the characteristic impedance K of the wave. We 
find that 


K, = Ui _ _oe Vo 
WU w Io 
Ko = U2 _ g@a Vo 
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Here V» is the accelerating voltage specifying the electron velocity uo 
and Jp is the total beam current. 

We see that the characteristic impedance K, of the slow wave is 
negative. This means that the power flow in the +2 direction is negative. 
We could also say that positive power flows in the —z direction, but this 
may carry an unfortunate implication as to the direction in which 
causality acts. An example may be helpful. 

Fig. 1 shows an electron beam acted on by the fields of two devices 
A and B. The fields in A are such as to set up the slow wave only. This 
travels between A and B. The fields of B are such as to just remove the 
slow wave entirely, so that the electron beam leaves B with no ac dis- 
turbance on it. The electron velocity uw , phase velocity v, group velocity 
v, and negative power flow —P are all directed in the +2 direction, that 
is, to the right. 

We must remove a power P from A to set up the slow wave. A power 
— P flowsfrom A to B. We must add a power P to B to remove the slow 
wave from the electron beam. Causality acts from A to B. To change the 
amplitude of the slow wave between A and B we must change the fields 
in A, not the fields in B. 

The power flow is the group velocity times the stored energy per unit 
length. As the group velocity for the slow wave is positive and the power 
flow is negative, we see that the stored energy must be negative. 

If we moved with the electrons and observed the waves, we would 
find that the average kinetic energy associated with the ac electron 
velocity was equal to the average potential energy of the electric field, 
and that both were positive; this is characteristic of waves in a stationary 
medium. The kinetic energy of the electrons relative to a fixed observer 
is proportional to the square of their total velocity, that is, the ac velocity 
plus the average velocity. The average velocity is larger than the ac 
velocity, so that energy terms involving the product of the average 
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Fig. 1— Device A sets up the slow space-charge wave only, and device B 
removes it. uo, v, vg and —P are respectively the electron velocity, the phase 
velocity, the group velocity and the power flow between A and B. 
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velocity and the ac velocity are larger than terms involving the square 
of the ac velocity. The product terms may be negative or positive. 

We can understand the negative energy of the slow wave qualitatively 
through a simple argument of a somewhat different sort. In the slow 
wave, the charge density is greatest in regions of less-than-average 
velocity and least in regions of more-than-average velocity, so that the 
electron beam has less total kinetic energy in the presence of the slow 
wave than it does in the absence of the slow wave. How does this come 
to be? Suppose that we move with the wave; we then see electrons 
moving in an electric field which is constant with time, and hence, as 
electrons move through the field their velocities vary as the square root 
of the potential. Relative to the wave, the electrons move slowest in the 
low-potential regions, and correspondingly, they are bunched together 
in regions of low potential. Now, for the slow wave the total electron 
velocity is the arithmetic sum of the wave velocity and the electron 
velocity relative to the wave, so if the electrons are bunched in regions 
of lowest velocity relative to the wave they are necessarily bunched in 
the regions of least total electron velocity, and the kinetic energy of the 
slow wave is thus negative. 

In the case of the fast wave, the electrons travel backward relative to 
the wave. The total electron velocity is the arithmetic difference between 
the wave velocity and the electron velocity relative to the wave. Hence, 
the total electron velocity is greatest at the bunches, where the velocity 
relative to the wave is least, and the kinetic energy of the fast wave is 
positive. 


THE KLYSTRON 


We can explain the operation of a number of types of vacuum tubes in 
terms of space-charge waves. Consider the klystron, illustrated in Fig. 2. 
The voltage produced across the input resonator by the input signal 
sets up on the electron beam both the slow and the fast space-charge 
waves in equal magnitudes and so phased that the velocities v, or the 
voltages U add, while the currents cancel. Thus, just beyond the input 
resonator, the beam has an ac velocity; it is velocity modulated, but it 
has no ac convection current. 

Because the two space-charge waves, one with negative power flow and 
one with positive power flow, are set up with equal magnitudes, the ac 
power flow in the beam between the input and the output resonators is 
zero. The input resonator neither adds power to nor subtracts power from 
the beam. 

Because the two waves have different phase velocities, their relative 
phase changes as they travel along the beam. If we go along the beam a 
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distance L such that 


o°' Lar 
Uo 

we will find that the ac velocities of the two waves cancel and their cur- 
rents add. If at this point we put an output resonator, the current will 
produce a voltage across the resonator which will act on the electron 
beam to set up new components of the slow and the fast waves. 

If the resonator is on tune, so that it acts as a resistive impedance, 
the phase of the voltage is such with respect to the space-charge wave 
producing it that the new component of the fast space-charge wave 
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Fig. 2— In a klystron the input resonator sets up slow and fast space-charge 
waves so phased that the velocities add and the currents cancel. At the output 
resonator the currents add and the velocities cancel. The voltage across the output 
resonator increases the amplitude of the slow, negative-power wave and decreases 
the amplitude of the fast, positive-power wave. 


subtracts from the old component, while the new component of the slow 
space-charge wave adds to the old component. Thus, while to the left 
of the output resonator the two space-charge waves have equal magni- 
tudes, so that the net power flow is zero, to the right of the output 
resonator the slow space-charge wave has a greater magnitude than the 
fast space-charge wave, so that the power flow in the beam is negative. 
The missing power appears as the output from the output resonator. 

Of course, klystrons are frequently used in the nonlinear range of 
operation, and the distance L between resonators may be chosen differ- 
ently from other considerations. 


THE RESISTIVE-WALL AMPLIFIER 


Consider a tube much like a klystron, but in which the electron beam 
is surrounded by a glass tube coated with lossy material, such as graphite, 
as shown in Fig. 3. 
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As in the klystron, the input resonator produces both the slow and the 
fast waves with equal magnitudes. As each wave travels, it induces 
currents in the resistive wall surrounding it and dissipates power in the 
wall. Thus, the power in each wave must decrease as the wave travels. 

The fast wave has a positive power, and so for its power to decrease 
the amplitude must decrease. Thus, in the resistive-wall region the 
amplitude of the fast space-charge wave decreases exponentially with 
distance. 

Because the slow space-charge wave has a negative power, its power 
can decrease only if the amplitude of the wave increases, so that the 
power flow becomes less (more negative). Thus, in the resistive-wall 
region the amplitude of the slow space-charge wave increases exponen- 
tially with distance; the wave has a negative attenuation; it is amplified 
as it travels. 

If we put the output resonator far from the input resonator, the ampli- 
tude of the fast space-charge wave will be very small there, but the 
amplitude of the slow space-charge wave may be very large. Its current 
will produce a large voltage across the output resonator. As in the case 
of the klystron, this voltage will increase the amplitude of the slow space- 
charge wave, thus decreasing the power flow in the electron stream. 

The resistive wall amplifier has a feature which the klystron lacks; the 
process of amplification involves an actual growing wave along the elec- 
tron stream. 


THE EASITRON; INCREASING WAVE IN A LOSSLESS SYSTEM 


Consider a tube somewhat similar to the resistive wall amplifier, but 
in which the beam is surrounded, not by a lossy tube, but by a series of 
pill-box resonators, as shown in Fig. 4. Imagine that the resonators are 
so tuned that at the operating frequency they present a lossless negative 
susceptance to the electron beam. 


TUBE COATED WITH 
RESISTIVE MATERIAL 





a = 


Fig. 3 — In a resistive-wall amplifier the currents excited in the lossy wall by 
the slow, negative-power wave decrease the power in the wave, so that the ampli- 
tude of the wave must increase. 
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The impedance an electron beam sees in traveling through free space 
or in a concentric lossless tube is capacitive. In section 1 the space-charge 
waves were described as involving the stored energy of the electric field, 
capacitive in nature, and the kinetic energy of the electrons, which has. 
an inductive effect. We might liken the beam and its capacitive circuit 
to the ladder network of Fig. 5. We know that such a network supports 
waves. 

When the charge of the beam sees a negative susceptance, the be- 
havior is much as if the capacitances in the ladder network of Fig. 5 were 
negative.* In this case the waves characteristic of the circuit are not 
traveling waves, but are a pair of waves, one of which decays with dis- 
tance and one of which increases with distance. Neither has any net 
stored energy. 

We can express the propagation constants of the waves much as in the 
section on, ‘“Space-Charge Waves,” but the effective plasma frequency 
@, 1S now imaginary; we will call it jw,’. The phase constants 8; and > 





Fig. 4 — In the easitron, resonators surrounding the beam change the suscep- 
tance the electrons see from positive to negative. The system no longer supports 
two traveling waves, but rather, a growing and a decaying wave. 


Fig. 5 — If the capacitances in this ladder network were negative it would sup- 
port growing and decaying waves rather than traveling waves. 


* Some care must be used in arriving at proper equivalent circuits. For instance, 
neither of the electric waves on a ladder network has negative energy if the net- 
work is set in motion, but we have seen that one of the longitudinal space-charge 
waves does have negative energy. If both the capacitances and the inductances 
of a ladder network are negative, the waves on the network will have negative 
energies. 
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The characteristic impedances become 
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The fact that the characteristic impedances of the two waves are 
imaginary means that neither of the waves alone has any power flow. 
Neither of the waves can very well carry power. The amplitudes change 
with distance; hence for each wave Uz* and 7U* increase or decrease with 
distance. But, the circuit and the electron beam are lossless, and the 
power cannot change with distance. As the waves do have a group 
velocity, neither has any stored energy. Does this mean that the beam 
cannot carry any power? The beam can carry power, just as a filter in 
its stop band can carry some power from a source at one end to a resistive 
load at the other end. The power flow is still given properly in terms of 
the total current 7 and the total voltage U by the same expression used 
in section 1. Suppose that the two waves have currents 7, and 7. Then 
the total power flow is 


P = Vl + te) Ka a* + Ko te*) + (* + 0") (Kat, + Kote) 
P= WiKi + W*)Gt*) + (Ke + Ko*)iote* + ayte*(Ky + Ko*) 
++ (tyto*(Ky + Ke*))*) 


First consider the case in which w, is real and for which the characteris- 
tis impedances are real and 


K, = —k, 
In this case 
P al Kyuty* + Koiots* 


This is the familiar case of unattenuated waves. The total power is the 
power of each wave calculated individually. 
Let us now consider the case in which the effective plasma frequency 
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is imaginary. In this case we can write 
Ky = —jKo 
Ke = +7Ko 
where Jo is real. We have 
P = [—jiste*Ko + (—Jjirvie*Ko)*] 


Either wave alone carries no power; there is power flow only when the 
two waves are present simultaneously. The two waves vary with distance 
as 


gi salunie twarluoe. ge feluol2) p—(oq'luo)2 


so the i;72* is constant with distance. If this were not so the power would 
change with distance, but as the resonators have been assumed to be 
lossless, neither taking power from the beam nor adding power to the 
beam, this is impossible. Thus, in a lossless system an increasing wave is 
always one of a pair, and the other member decreases with distance in 
such a way as to keep the product of the amplitudes of the two waves 
constant with distance. Neither the increasing wave alone nor the de- 
creasing wave alone carries any power, but the two together can carry 
power. 

We will note that in the easitron the direction of the group velocity, that 
is, the direction of causality, is the direction of electron flow. Thus, the 
waves are both set up at the input resonator; it is there that boundary 
conditions on both current and voltage must be satisfied. 


COUPLING OF MODES OF PROPAGATION 


We know that waves which increase and decrease exponentially with 
distance are characteristic of a ladder network in which the susceptances 
of the shunt and series arms have the same signs. They occur in other . 
networks as well. Consider a smooth transmission line loaded periodically 
with shunt capacitances, as shown in Fig. 6. Each capacitance reflects 


Fig. 6 — Capacitances connected across a smooth transmission line periodically 
couple the forward and backward waves and produce stop bands characterized by 
growing and decaying waves. 
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part of a wave approaching it. In other terms, each capacitance acts to 
couple one mode or wave (say the forward wave) to another (say, the 
backward wave). When the distance between the capacitances is such 
that the couplings reinforce, that is, near a half wavelength in this case, 
the system is a filter in its stop band; it does not transmit traveling waves, 
but supports rather a wave which increases exponentially with distance 
and a wave which decays exponentially with distance. Neither of these 
waves alone carries any power. 

The space-charge waves of an electron stream can be coupled to one 
another, to a space-charge wave of another stream, or to an electromag- 
netic wave. In any of these cases we can have increasing waves. 


THE SPACE-CHARGE-WAVE AMPLIFIER 


Consider an electron beam surrounded by a series of metallic tubes 
A, B, A, B ---, alternately at different potentials with respect to the 
cathode from which the electrons come, as shown in Fig. 7. The impe- 
dances of the space-charge waves will be different in tubes A from what 
they are in tubes B. The behavior of this system is much like that for the 
transmission line system shown in Fig. 8, in which we have alternate line 
sections of different characteristic impedances K, and Kgs. We know that 
such a series of line sections forms a filter with stop bands. 





CATHODE 


Fig. 7 — The impedances of waves in an electron beam passing through elec- 
trodes at alternately higher and lower potentials differ in regions of different po- 
tentials. This can result in stop bands characterized by growing and decaying 
waves. Such a device is a space-charge-wave amplifier. 
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Fig. 8 — A transmission line with alternating sections of impedances Ky and 
Kg is somewhat analogous to the space-charge-wave amplifier. 
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In the case of the space-charge-wave structure of Fig. 7, the stop band 
occurs for conditions near that in which for both sections A and B the 
section lengths D4 and Dz are such that 


WA 
—“L,~=T 
Uo 


2 ell deg = T 
Uo 
Here w,4 and waz are the effective plasma frequencies for sections A and 
B. 
A structure such as that of Fig. 7 can be interposed between input and 
output circuits, such as resonant cavities, to give a space-charge-wave 
amplifier dependent for its action on the growing wave of the pair. 


THE TRAVELING-WAVE TUBE 


In the space-charge-wave tube, the two waves which are coupled to- 
gether have different velocities, just as the forward and backward waves 
on an electron stream have different velocities. Hence, they can be 
coupled strongly only through the use of some periodic structure in which 
the period is related to the difference in phase constants of the two waves. 

In a traveling-wave tube we can have coupling between a space- 
charge wave and a wave traveling on a circuit, and both of the waves can 
have velocities which are nearly or exactly the same. 

Here we must consider two different cases. If both of the coupled waves 
carry power in the same direction (that is, if the power is positive for 
both, or negative for both), coupling cannot result in a stop band, but 
only in transfer of power between one wave and the other. In order to 
have a stop band, power which we try to send in on one wave must come 
back to us on the other. Hence, to produce a stop band and gaining 
waves, the two coupled waves must carry powers with opposite signs. 

A traveling-wave tube can consist of a helix of wire, which can sup- 
port a slow electromagnetic wave, surrounding an electron beam, as 
shown in Fig. 9. 






ar le 


Fig. 9 — The vital elements of a traveling-wave amplifier are an electron 
stream and a slow-wave circuit which may be a helix surrounding the electron 
stream. 
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Traveling-wave tubes really involve at least four waves: two space- 
charge waves and two circuit waves. Usually, the backward circuit wave 
is so far out of synchronism with the space-charge waves that we can 
neglect its coupling with them. Further, if the space-charge waves are 
well separated in velocity, that is, when w, is large enough, then when 
one is coupled to the circuit wave the other isn’t, and so we can get some 
idea of traveling-wave tube operation by considering waves in pairs. 
The simple mathematics of such coupling is given in Appendix D. 

In Fig. 10, the behavior of various phase constants, plotted as a func- 
tion of w/t , is shown qualitatively. Here w is radian frequency and wp 
is electron velocity. We may consider that w/w is varied by changing 
the electron velocity wo and keeping the frequency w constant. The 
horizontal line 6, is the phase constant of the forward circuit wave in 
the absence of electrons, or when the coupling to the electrons is zero. 
6, does not change with electron velocity. 8; and 8; are the phase con- 
stants of the slow and fast space-charge waves, respectively, with zero 
coupling to the circuit wave. For the slow space-charge wave, the power 
flow is negative, while for the circuit wave and the fast space-charge 
wave the power flow is positive. Thus, for coupling between the slow 


| YY 
1.5 


0.5 


Fig. 10 — Suppose that at a constant radian frequency w we change the electron 
velocity wo in a traveling-wave tube. If the waves of the electron stream were not 
coupled to the waves of the helix, the phase constants, 8. of the forward circuit 
weve 6, of the slow wave, and 8; of the fast wave, would vary approximately as 
shown. 
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Fig. 11 — Because of coupling of the space-charge waves to the forward circuit 
wave, gain is produced near 8, = 8, , while the curves sheer off from one another 
near Be = B;. 


space-charge wave and the circuit wave we can have a stop band, while 
for coupling between the circuit wave and the fast space-charge wave we 
cannot. 

The consequences of the couplings between the circuit wave and the 
space-charge waves near the intersections of 8, with 8, and @; are il- 
lustrated in Fig. 11. 

We see from Fig. 11 that near synchronism between the circuit wave 
and the fast space-charge wave (8, = 6; for no coupling) these waves 
combine so that for any given value of w/w there are always two dis- 
tinct real values of 8. This is typical for coupling between modes with 
power flows of the same sign. At 8. = 8; each of the two mixed waves has 
equal energies in the circuit and in the electron stream. 

Near synchronism between the circuit wave and the slow space-charge 
wave (8. = @, in absence of coupling) these two waves combine so that 
over a range of w/w near 8, = 6,, 8 has two complex values with the 
same real part and with equal and opposite imaginary parts. We can 
write this as 


B = B, + ja; —jB = —jBi +e 
This corresponds to an attenuated and a growing wave with the same 
phase velocity. In Fig. 11, 8; and a are plotted as dashed lines. 
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Over the range of w/t for which the waves are attenuated (a # 0) 
the net power flow in each of the modes is zero. The power flow in the 
electron stream is equal and opposite to that in the circuit. Such behavior 
is characteristic when two modes with power flows of opposite signs are 
coupled. It is characteristic of the stop band of an electric wave filter. 

The curves of Fig. 11 exhibit the same behavior that has been found 
by other means, although similar curves are sometimes plotted somewhat 
differently. 

When an input signal is applied to the helix of a traveling-wave tube, 
all three forward waves are set up. The increasing wave grows until it 
predominates, and it forms the amplified output of the tube. 

The total ac power of the increasing wave is zero. How can we obtain 
power from it? In the increasing wave we have a positive electromagnetic 
power flow in the circuit and an equal negative power flow in the elec- 
tron stream. If we terminate the helix we can draw off the electromag- 
netic power; the electron stream is left with less power than it had on 
entering the helix. 


DOUBLE-STREAM AMPLIFIERS 


A double-stream amplifier makes use of two streams of electrons which 
have different velocities, as shown in Fig. 12. The behavior of a double- 
stream amplifier is very similar to that of a traveling-wave tube. In such 
a device each electron stream supports a slow, negative-energy wave 
and a fast, positive-energy wave. At a constant frequency w let the 
velocity wu, of one stream be kept constant and let the velocity ue of the 
other stream be varied. The behavior of the phase constants 8 of the 
waves is shown qualitatively in Fig. 13. 6. and 6p are the phase con- 
stants of the slow and fast waves of the constant-velocity stream, and 
Bs. and Bz. are the phase constants of the slow and fast waves of the 
stream whose velocity is changed. There are two ranges of velocity w2 for 
which gain is obtained; for uz a little larger or a little smaller than w . 





OUTPUT 





Fig. 12 — Two nearby electron streams of different velocities w: and we consti- 
tute a double-stream amplifier. 
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NOISE WAVES ON ELECTRON STREAMS 


Consider the electrons of the beam as they leave the cathode. If the 
velocity distribution is Maxwellian, and if the electrons leave inde- 
pendently, there will be a mean-square fluctuation in convection current, 
¢’, given by 


= 2el)B 


é Fs . 2 7 
and an uncorrelated mean square fluctuation in ac velocity, v’, given by 


-a-0(5)(2)p 


Here Jp is beam current, e and m are electron charge and electron mass’ 
k is Boltzmann’s constant, 7’. is cathode temperature.and B is bandwidth’ 

Usually, space-charge-limited flow is used. In this case the beam cur- 
rent is only a part of the emitted current; the rest is turned back at the 
potential minimum. In this case we may use the above relations, counting 
I) as the beam current, as some sort of approximation for the current 
passing the potential minimum. 

The wave picture we have been discussing may be seriously inaccurate 
near the cathode where the relative spread in electron velocities is large. 
Suppose that we hope for the best and apply it. We find that in the most 
general case our electron stream will have on it a noise standing-wave 
pattern. If tmin and tmax are the minimum and the maximum noise 


currents, 
| tmin | | Gana: | —_ 1) (2) () 
2eloB 2 Wa eVo 


Here a is a constant near to unity. 

The noise pattern is made up of two uncorrelated noise standing-wave 
patterns, one from 7 at the cathode and the other from v at the cathode; 
these patterns have amplitudes 7 and 2% at their maxima; the minima 
are of course zero. We have 








| tmin | | tmax | = | %| | 2] sin’ 


Here ¥ is the relative phase angle of the standing-wave patterns associ- 
ated with 7, and 7. That is, if the maximum of the 72 pattern is at that 
of 7, ,% = 0, while if the maximum of the 72 pattern is midway between 
maxima, of 7,, then WY = 7/2. 

The first of these theorems says something about the noise current at 
the maximum and that at the minimum, but it does not directly say how 
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Fig. 13 — In a double-stream amplifier, gain is obtained when the phase con- 
stants of the slow wave of the faster stream and the fast wave of the slower stream 
are nearly equal. 


large the maximum is. For an ordinary two-potential electron gun, tmax 
is very large compared with tmin . 


NOISE DEAMPLIFICATION 


Early traveling-wave tubes made use of a two-potential electron gun 
spaced a critical distance from the circuit, as shown in Fig. 14. More 
recently it has been found possible to reduce the noise figure considerably 
by the use of space-charge-wave amplification, as discussed in the sec- 
tion on ‘The Space-Charge-Wave Amplifier.”” The structure used is 
indicated in Fig. 15. The gun has a low-potential anode followed by a 


=e ' 









lace | i 


SPACE 


Fig. 14 — When a simple, two-potential electron gun is used, the noise figure 
of a traveling-wave tube can be optimized by adjusting the drift-space between 
the gun anode and the helix. 
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drift tube. At the point where the noise current is a minimum the voltage 
is “Jumped” to the helix voltage. A second drift tube follows, so that 
there is a critical distance between the Jump and the helix. 

The effect of this ‘‘voltage jump” gun is to deamplify the component 
of the space-charge waves which is associated with the noise current at 
the current maximum. In space-charge-wave amplifier terms, this com- 
ponent sets up the decreasing wave only. Thus, in the second drift tube 
the ratio | ¢max/¢min | is smaller than in the first. 

By using a single velocity jump, traveling-wave tubes with noise 
figures around 8 db have been made. 

The use of more velocity jumps has been proposed. It can be shown, 
however, that as ?max is deamplified, 7nin must be amplified. This sets a 
theoretical limit of around 6 db to the noise figure attainable by means 
of space-charge-wave deamplification alone. 






ae wool 


DRIFT TUBES 


Fig. 15 — When a two-potential or ‘‘velocity jump” gun is used, the noise figure 
can be reduced by space-charge-wave deamplification of the noise on the electron 
stream. 


NOISE CANCELLATION 


It would be highly desirable to build a traveling-wave tube such that 
the electromagnetic input would excite an increasing wave, but the noise 
in the electron stream would excite only some combination of the 
decreasing and the unattenuated waves. If we succeeded in this, the 
noise introduced by the tube could be made as small relative to the 
signal as desired, merely by making the tube long enough. Can we ac- 
complish this by means of some special structure near the input end of 
the tube? 

We can represent the noise on the electron stream at some reference 
point by means of a velocity fluctuation v and a current fluctuation 7; we 
have seen that neither can be zero. Because the system is linear, super- 
position applies, and the amplitudes of the growing, attenuated and 
unattenuated waves which are excited are the sums of the amplitudes 
excited by 7 and v independently. 

Suppose that v = 0. Then the beam carries no power. Thus, 7 cannot 
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excite the unattenuated wave, for that wave carries power. Let us assume 
that it excites the decreasing wave alone, which, when present alone, 
carries no power. So far there is no contradiction, and we can believe that 
it is possible to arrange matters so that the current alone does not excite 
the increasing wave. 

Suppose we have so arranged matters that 7 does excite the decreasing 
wave only. Consider what happens when 7 = 0. Can v alone excite the 
decreasing wave only if 2 alone excites the decreasing wave only? If it 
can, then v and 7 together must excite the decreasing wave only. But 
suppose v and 7 are of the same frequency and in phase. Then the beam 
carries power. But, the decreasing wave alone cannot carry power, and 
hence what we have assumed is impossible. If the z excites the decreasing 
wave only, then v must excite at least a component of the growing wave. 
Hence, we cannot cancel out the noise from the beam completely. 


FINAL COMMENTS 


We have seen that the properties of space-charge waves and the 
behavior which must follow when space-charge waves are coupled to 
other space-charge waves or to circuit waves can be used to explain the 
operation of seemingly diverse types of microwave tubes. The wave 
picture gives a clear and quantitative picture of energy relations and 
power flow. It enables us to understand simply the effect of thermal 
velocities on the operation of tubes through their effect on the phase 
constants of the space-charge waves. It is useful in detailed considera- 
tions of noise, and in one case it has enabled us to draw a general con- 
clusion without resorting to formal mathematical manipulation. It may 
well be that the wave picture can be of further use both in calculating 
detailed behavior of tubes and in understanding their general properties. 


APPENDIX A 
SPACE-CHARGE WAVES 


Consider a narrow electron stream in which we may assume that elec- 
tron velocity and charge density do not vary across the stream, and in 
which the electrons are free to move in the z-direction only. An axially 
symmetrical electron focusing system immersed, cathode and all, in a 
strong magnetic field approximates this. 

Let all ac quantities contain the factor 


e Be piet 


and let the total charge density, current and electron velocity be made 
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up of de and ac parts as follows:* 
charge density: — po + p 
convection current density: — Ip + 7 
velocity: Uo + v 


Here py , Jo and wp are positive de quantities. The quantities on the right 
are the ac components. 
We have from the definition of convection current 


(—Lo + 1) = (—p0 + p)(Uo + 2) (Al) 


In the case of very low level operation, we neglect products of ac 
quantities in comparison with products of ac and de quantities. Doing 
this, we obtain from (A1) the de and ac convection currents 


TS pi —— (A2) 
or 
t= — pov + Uop (A3) 
p= eae (A4) 
Uo 


We can apply the continuity equation, or, the equation of conserva- 
tion of charge, to the ac convection current 


Or eee 

Oz at (A5) 
Bt = wp 
; i eg , 
Bi = (2) (jat — pojav) 

(A6) 

pee — wpov 

@Q — Buo 


Thus, if we have a wave with a given phase constant 6, and if we know 
po and w, (A6) gives the convection current in terms of ac electron 
velocity. How can we find what 6 will be? To find this we must consider 
the effect of the electric field on the electrons. Consider an ac electric 
field #, in the z direction, which also varies with time and distance as 


* Tt will be convenient elsewhere to use —J» and 7 as currents rather than 
current densities and —po and p as charge per unit length. 
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do the other ac quantities. We can write 


Here e/m, the charge-to-mass ratio of the electron, is taken as a posi- 
tive quantity. 

In (A7), du/dt is the rate of change of v with respect to ¢ for a single 
electron; that is dv/dé observed riding along with the electron. If we ride 
along with the electron for a time dt we move along distance dz 


dz = (uw + v) dt 
For small signals we neglect v in this expression and write 
dz = Uy dt 
Hence, the total change dv in the velocity of the electron in the time di 
is 
do = SF dt + uodt 
Hence, we find that 


F = ile — Bus (A8) 


Using (A7) and (A8), we see that 
.e 
v= Sa 
(w — Buo) 


(A9) 


We can combine (AQ) with (A6) and write for the convection current 
density 


~ € 
- J an wpoliz (A10) 
(w — Buo)? 


Let us now consider a special, hypothetical case in which the electric 
field is in the z direction only, so that there are no transverse electric 
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fields and no transverse displacement current. Then the total ac current 
density 7; is the sum of the convection current density and the displace- 


ment current density, or, 
4, = t+ jueli, 
(A11) 


—< Po 
gs ss ek 
" e(w — Buo)? ay a 


Let us use a quantity w,, which was long ago named the plasma fre- 


quency (radian frequency) 
(A12) 


Slo 


® | 


on 


Op = 


Using w, , (A10) can be written as 
2 
ee (ee ne 
tt ( = wi + 1) jock, (A13) 


According to Maxwell’s equations the divergence of the total current 
is zero. Both components of 7; vary with z. If, as we have assumed, there 
is no current normal to the z direction, then 7; must be zero. If this is 


to be so, we must have 
(A14) 


(w = Buo)” = Wp” 
o> 4 
Uo Uo 
In actual electron beams there is transverse electric field away from 
the beam, and hence 7; is not zero. It is found, however, that when w, is 


small compared with w, we can write quite accurately 
(A15) 


(é3] 69) 
Uo Uo 


Here w,, which is known as the effective plasma frequency, is smaller than 

w,. AS w is raised, so that the wavelength of the space-charge waves 

becomes smaller compared with the diameter of the electron beam, the 
electric field tends to become largely longitudinal and w, approaches w, . 
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The upper sign in (A15) gives the phase constant of the slow wave, a 
wave with a phase velocity less than that of the electrons. The lower 
sign gives that of the fast wave, a wave with a phase velocity faster than 
that of the electrons. 

From (A15) and (A6) we note that 


py (A16) 
Wg 


The upper sign holds for the slow wave; the lower sign for the fast wave. 

It has been convenient to use —J» and 7 as current densities and — po 
and p as charge densities. In subsequent work and in the text, —Jo and 
2 will be used as beam current and — pp and p as charge per unit length. 
All the relations of this appendix except (A11)-(A13) will hold if the 
quantities are so interpreted. 


APPENDIX B 
POWER FLOW IN SPACE CHARGE WAVES 


The purpose of this appendix is to justify the expression for power flow 
in the beam. 

Consider that the electron beam is acted on over a short distance by 
an ac voltage. Imagine, for instance, that the beam passes through two 
very closely spaced grids which form a part of a resonator, and that a 
voltage AV appears between the grids. What does the voltage do to the 
beam? 

The voltage AV changes the velocity of the electrons but it does not 
change the convection current. To find out how much the velocity is 
changed we need only consider the case in which the beam has no ac 
velocity on reaching the grids, since in a linear system the change will 
be the same in all other cases. The total velocity wo + v is given in terms 
of the total accelerating voltage V + AV by 





uot 0= 4/22 (Vo + Av) (B1) 
We assume AY to be small, so that 
AV = AV ° 
m m 
y= > (B2) 
é Uo 


2— Vo 
m 
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The change AU in the “voltage” U is 
AU = — = = -AV 


(B3) 
m 


The convection current 7 flows against the voltage AV, so that a power 
AP is transferred from the beam to the resonator which is attached to 
the grids. 


AP = —ReAVi* (B4) 
Thus, the change in the power in the beam in passing through the grids 
must be —AP 


—AP 


Re (— AVi*) = ReAUi* (B5) 
AP = —ReAUi* 

According to the expression we have used in calculating beam power, 
if the “voltage” of the beam on reaching the grids is U, and the convec- 
tion current is 7, then the beam power P; on reaching the grids is 
P 1= ReUi* 


(B6) 
After passing through the grids, U is increased by an amount AU while 
the current is unchanged, so that the power P2 of the beam leaving the 
grids is 


P, = Re(U + AU)i* 


(B7) 
The loss of power in the beam, AP, is 


AP = P;, — P2 


—ReAUr* (B8) 
This agrees with (B5), in which AP was calculated as the power lost from 
the beam to the resonator. 


APPENDIX C 


THE EFFECT OF THE VELOCITY DISTRIBUTION IN THE ELECTRON BEAM 
ON THE EFFECTIVE PLASMA FREQUENCY 


Consider an electron beam in which electron motion is confined to the 
z-direction, and in which the electrons have a velocity spread with a 


1368 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1954 


mean square deviation (w”) about the mean value wo . If w,0 is the effective 
plasma frequency for (u’) = 0, then taking the velocity spread into 
account, the effective plasma frequency w, is given approximately by 


w= wr ( +3 (u*) (2) 
: a ur 


Wad 





If the velocity distribution is the same as for electrons accelerated 
individually by a voltage Vo, that is, if electron interactions do not 
affect the velocity distribution appreciably (as they probably do not) 


at) (im A(t 

ue «A NeVa 4\11,600 Vo 

Here k is Boltzman’s constant and 7’, is cathode temperature. Thus, 
from this assumption 





ene 3 (kT. : ) 7 
mails + 3 )(Z)) 


Following our wave picture, we can take into account the thermal 
velocity spread by using this corrected value for the effective plasma 
frequency in all our formulae. For all practical purposes, the change in 
effective plasma frequency due to thermal velocities is negligible. 

In a paper which will appear in the Journal of Applied Physics, D. A. 
Watkins has used a somewhat different approach in treating the effect of 
- thermal velocities on the operation of traveling-wave tubes. 





APpPpENDIx D 
PHASE AND ATTENUATION CURVES FOR COUPLED MODES 


When two unattenuated modes of propagation are coupled together 
periodically in a lossless manner, they combine to form two new modes. 
For each of these new modes the amplitude is changed in one period of 
the coupling structure by a factor 


Mee i 0a 8p) 2,40 360012 (D1) 


where J is a root of 
MM? — 2.1/1 = Fk cos —— oat 2g (D2) 


Here k is a coupling coefficient which is zero for zero coupling. The 
upper sign applies if the power flow in the two modes have the same 
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signs while the lower sign applies if the power flows have opposite signs. 
6, and 6, are phase lags per coupling period associated with the two orig- 
inal modes and 6; and @ are phase angles associated with the coupling 
device. 

We can treat the case of continuous coupling by letting the period of 
coupling L be very short, the angles 6, , 0p , 6: , 43; be very small, and the 
coupling per period, k, be very small. In this case the cosine can be 
represented by the first terms of a power series and we find that the 
phase constants @ of the modes are given by 


_ Bat Bi ba =f), / (25) 
aaa +( 7 TN B= ee 


Here 8, and @ are the phase constants for K = 0 (zero coupling) 








Op — & 
By = a (D5) 
and K is the coupling per unit length 
k 
K= zr (D6) 


As before, the upper sign in the radical applies when the power flows 
have the same signs and the lower sign when the power flows have 
opposite signs. 

In applying (D3) to the case of traveling-wave tubes and backward- 
wave oscillators, the effect of all but two modes was of course neglected 
when the two phase constants would have had nearly the same value in 
the absence of coupling; the curves for such regions were then joined 
smoothly to give the overall plots of Figs. 11 and 13. 

In Fig. 11 the parameters chosen arbitrarily were: 


Bo = 1 

Bs = w/U + 14 
By = w/w — % 
k=0.1 


The complex portion of the phase constant, or, the real portion of the 
propagation constant, in a stop band caused by the coupling of two 
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modes with power flows of opposite signs is designated by a and is plotted 
as the dashed ellipses about the horizontal axis. 


APPENDIX E 


This appendix comments briefly on various sections and cites refer- 
ences, which are listed at the end of the appendix. The list of references 
is not exhaustive, but it should enable the interested reader to follow 
work back to its source. 


1. Space-Charge Waves 


Space-charge waves of the general sort considered are related to the 
plasma oscillations of Tonks and Langmuir.’ Waves in long beams were 
first discussed by Hahn’ and Ramo.’ The effects of a velocity distribution 
are discussed by Pierce’ and by Bohm and Gross.® The negative energy 
of the slow space-charge wave has been reported by Chu° and by Walker.” 
Chu gave the effective ‘“‘voltage” U and the characteristic impedance K 
for the waves. 


2. The Klystron 


Beck® gives an adequate description of and references to klystrons. 


8. The Resistive Wall Amplifier 


The effect has been discussed by Pierce,’ and a tube using it has been 
described by Birdsall, Brewer and Haeff.”° 


4. The Easitron; Increasing Wave in a Lossless System 


The original easitron was a tube built by L. R. Walker at Bell Tele- 
phone Laboratories; it was a 3-cm tube using half-wave wires as resonant 
elements. It has not been described in the literature. Pierce has discussed 
the operation of this sort of multi-resonator klystron on page 195 of 
Traveling Wave Tubes” and elsewhere.’ 


5. Coupling of Modes of Propagation 


The operation of traveling-wave tubes was first explained in terms of 
coupling between an electromagnetic wave and a space-charge wave by 
C. C. Cutler in unpublished work. Mathews has made an analysis in 
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these terms.” Such coupling has been considered in general terms by 
Pierce.” 


6. The Space-Charge-Wave Amplifier 


This tube was invented by Tien, Field and Watkins“ and is described 
in more detail by Tien and Field.” 


7. The Traveling Wave Tube 


Adequate descriptions and references are available in work by Kompf- 
ner,” Pierce,” and Beck.® 


8. Double-Stream Amplifiers 


Descriptions and references are given by Pierce” and by Beck.* 


9. Noise Waves in Electron Streams 


Cutler and Quate have published experimental results.’ The theorems 
quoted are given by Pierce.” 


10. Noise Deamplification 


This was suggested by Tien, Field and Watkins“ and is described in 
detail by Watkins” and Peter.” 


11. Novwse Cancellation 


Noise cancellation was first proposed by C. F. Quate.” 
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Theory of Open-Contact Performance 
of Twin Contacts 


By M. M. ATALLA and MISS R. E. COX 
(Manuscript Received June 17, 1954) 


The first part is a presentation of an analytical study of the open-contact 
performance of twin contacts. It provides means for predicting their per- 
formance from single contact data. It 1s shown that the probability of 
failure of twin contacts ts generally appreciably greater than the square of 
the probability of failure of single contacts. This ts supplemented with the 
results of an experimental study which determines the effects of a few design 
parameters on the performance of single contacts. These are the parameters 
that determine the magnitude of improvement in performance obtained by 
replacing single contacts by twin contacts. 


INTRODUCTION 


The present switching apparatus normally operates in atmospheres 
that may be contaminated with dust particles and foreign matter. Some 
‘ apparatus components, particularly the contacts, are relatively sensitive 
to such contaminations which may interrupt the proper functioning of a 
pair of contacts. Normally, a single switching operation in a central office 
requires the operation of as many as a thousand relays or 10,000 contacts. 
To secure the high level of performance desired, it is evident that superla- 
tive performance and high degree of reliability of the contacts are es- 
sential. 

Many attempts have been and are being made to reduce the so-called 
“open” contact troubles due to foreign matter. Examples of environ- 
mental precautions are filtering the air supply to the central office, en- 
closing apparatus in cabinets, limiting personnel activities in the office, 
etc. An additional precaution incorporated in the apparatus design is the 
use of twin contacts. Such a scheme, when properly used, should result 
in substantial improvement in performance since an open can only take 
place when both members become open simultaneously. It may occur to 
one that the probability of a twin-contact open is the square of the prob- 


1373 


1374 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1954 


ability of a single-contact open. Such a performance, however, has never 
been observed in practice where an improvement of only 10:1 is usually 
more typical. A study of the mechanisms involved has revealed that only 
a very small number of opens are obtained due to the simultaneous oc- 
currence of opens on both members of a twin contact. The majority of 
opens, however, occur by having an open in one member of a twin con- 
tact which persists long enough to allow the occurrence of an open on the 
other member. By expressing this physical process in mathematical 
terms it was possible to develop a theory of performance of twin contacts 
in terms of the characteristics of single contacts. 


NOTATION 


d Diameter of dust particle 

f Fractions of opens in single contacts cleared after N operations 

f... The asymptotic value of f corresponding to N = 

ni Average number of operations required to clear an open on a 
single contact 

r Distance of particle from center of circular open contact zone 

Radius of “open zone” 

Fraction of the twin contacts that are half open at any time, 

S= 8, + 8a 

Fraction of twin contacts that are permanently half open 

Fraction of twin contacts that are temporarily half open 

Mechanical wipe 

Average displacement of a dust particle per contact operation 

Contact force 

Number of contact operations 

Probability of occurrence of a single-contact open in opens/con- 

tact operation 

Probability of occurrence of a twin-contact open in opens/contact 

operation 

Total displacement distance to clear an open 

= (2 — P.)(1 — fi.) 

= nf,,P.(2 — Ps) 

Angle of displacement 

Slope of contact surface irregularity 


weas®eger °° 


a 


CS PWR Wh 


PRESENTATION OF THEORY 
Outline and Assumptions 


Consider a large group of twin contacts each constituting a pair of 
identical and entirely independent single contacts. After a period of 
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operation a certain number of the twin contacts will become half-open.* 
These contacts will behave as if they were single-contacts until either: 
(1) the open half clears itself by operation, or (2) the other half becomes 
open leading to a tiwin-contact open. It is assumed that a failing twin- 
contact is cleared by an opérator and then put back into service. 

In developing the theory it was necessary to represent by analytic 
expressions the rate of occurrence of opens on single contacts and the 
rate of their clearing by operation. These are approximations of a fairly 
large amount of experimental data consistently obtained from a number 
of tests on a variety of actual telephone relay contacts. 

(1) Rate of opens of single contacts “P,”: For a large number of 
single contacts at one set of operating conditions, the rate of opens is 
usually constant. This constant depends primarily on the quality and 
concentration of the offending foreign matter involved, the design of the 
contacts and their mechanism of actuation. Fig. 1 shows the results of 
three tests on single contacts of different design at different test condi- 
tions. They all substantiate the assumption that the rate of opens of 
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CONCENTRATION 


OPENS PER CONTACT 


RELAY TYPE 2 


LOW DUST 
CONCENTRATION 








ce) 2 4 6 8 10 12 14 16 18 20 
THOUSANDS OF OPERATIONS 


Fig. 1 — Rate of opens of single relay contacts. 


* A half-open is defined as one where only one member, of a pair in a twin-con- 
tact, is open. In practice, a half-open is not normally detected. Only a simultane- 
ous open on both members of a twin contact will cause a circuit failure. 


1376 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1954 


single contacts is a constant: 
P, = constant (1) 


where P, is defined as the number of opens per “contact operation.” In 
some cases, a certain transient period may precede the equilibrium char- 
acteristic “P, = constant characteristic.” This transient period is 
usually relatively short and is neglected in this analysis. 

(2) Clearing of opens on single-contacts by operation: If an open 
single contact is allowed to operate mechanically, it is possible that it 
will clear itself after a number of operations. As discussed in a later sec- 
tion, the opens obtained are never identical in nature. They, instead, 
have a certain statistical distribution which usually accounts for a wide 
spread in their clearing rate. If, however, the operating conditions are 
under control, the clearing characteristic of a set of contacts is found to 
follow a well defined and reproducible statistical distribution. Fig. 2 
shows an accumulative distribution curve for clearing opens produced 
by cotton lint fibres.* The ordinate represents the fraction of the open 
single contacts that clear after N operations as given by the abscissa. 
In general, these relations have the following typical characteristics. The 
first operation following the occurrence of the open is the most efficient} 
single operation in clearing opens. It is usually responsible for clearing 
10 to 30 per cent of the total number of opens. The subsequent opera- 
tions are progressively less efficient and in general a certain fraction 











FRACTION CLEARED, f 


























{ 2 3 4 56 8 10 20 30 40 5060 80 100 
NUMBER OF OPERATIONS, N 


Fig. 2 — Distribution of clearing opens caused by lint. 


* This is one of the major causes of open contacts in central offices. These fibres 
are usually in ribbon form of various configurations. 
This apparent efficiency is only due to the presence of opens that are more 
easy to clear than others. These will readily clear after one or a few operations. 


OPEN-CONTACT PERFORMANCE OF TWIN CONTACTS 1377 


(1 — f.,) of the opens will persist for a relatively large number of opera- 
tions. A study of a variety of these clearing characteristics generally 
indicates a rapid rise to the asymptotic value f., in less than 100 opera- 
tions, and to f = 0.5 in less than 10 operations. As will be shown the 
fractional persistency (1 — f,,) is of major importance in determining 
twin-contact performance. In general, however, opens on twin-contacts 
are due to both the persistent half-opens and the temporary half-opens 
that might develop into twin-opens before clearing takes place. 


DEVELOPMENT OF THE THEORY 


Consider a large number of contacts operating at steady conditions. 
After N operations, let s,, be the fraction of the contacts that is per- 
manently half-open and sz be the fraction that is temporarily half-open. 
As discussed, the number of operations necessary to clear a half-open is 
not constant and, for the majority of the contacts, is of the order of a 
few operations. To simplify the treatment, it is assumed that each 
temporary half-open will clear in an average of % operations from the 
time tt first occurred. The fraction sz must, therefore, have been produced 
during the 7% operations directly preceding the time ¢. Since 7 is usually 
relatively small, the universe can be assumed to have had a negligible 
change during the operations 7. Hence, 


(rate of formation of temporary half-opens) X 7 
af2(1 — s)P, — (1 — s)P. Jf, 


where s = total fraction of half-opens = sq; + s,,. Substituting 6 = 
rif,,P;(2 — P,) one gets 


Sn 


l 


si = ites S 8 = ss) (2) 

Also, after N operations, the incremental change ds,, due to dN opera- 
tion is: 

= [211 — s)P, — (1 — s)P/]0. — ff.) dN — s,P,dN | 

where the second term is the reduction in s,, due to occurrence of twin- | 


opens. Substituting a = (2 — P,)(1 — f,,) and combining with equation 
2 to eliminate sq give: 


tice eg (aa 8) 


| —(1+0+8)/(1+8)P 5 
ps TG : (4) 
lt+at+8 


Soph 
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where K is an integration constant. Let at N = 0, s,, = s, which is a 
description for the initial conditions of the contacts. The solution be- 
comes: 


- a os Me Se wee Soca 
Sin = 7 sare oy E (1 rm so) (5) 
The rate, or probability, of twin-contact failure is determined from: 


P, = sP,+ (1 —s8)P2 (6) 


Substituting from 2 and 5 into 6 and reducing gives: 


= P/+P, P, 
P ~+ PL rea 


a/B fen iret s | 
[ gs eager (1 (1 cae ate «) 


where, one may repeat for convenience: 
= (2 — P.)(1 — f,,) and B = 7f,,P.(2 — P.) 


For all practical cases, P;, <1, a = 2(1 — f,,) and 6 = 2”f,,P, <1. Sub- 
stituting in 7 gives 


(7) 


P, = P,’ + 2P, 
fre Sh 0-day oy) 


This is a general expression, relating the expected performance of twin- 
contacts to that of single contacts. It is evident that the idealistic per- 
formance of P; = P,’, i.e., the probability of a twin-contact failure is the 
square of that for single contacts, can only be achieved if: (a) f,, = 1.0, 
i.e., persistent half-opens never occur, (b) % = 0, i.e., each temporary 
half-open occurring during one operation will clear during the subse- 
quent operation, and (c) s = 0, i.e., there is no initial contamination. 
These conditions are never obtained in practice and generally P; is much 
greater than P,’. 

Equation 7’ also indicates that at the beginning of operation, when 
the exponent is much less than 1.0, P; is given by: 


(Pio = P21 + 2nf,,.) + Pos . (8) 


Numerically if 7 = 50, f,, = 1.0 and sy) = 0, P; = 101P,’ which is 101 
times worse than the idealistic performance of P,; = P,’. The initial rate 


OPEN-CONTACT PERFORMANCE OF TWIN CONTACTS 1379 


of failure of twin contacts is also quite sensitive to initial contact con- 
tamination. If, for example, s) = 107°, ie., Wooo of the twin contacts 
are permanently half-open to start with, and for the same numbers used 
above and P, = 4°, equation 8 gives P; = 1.1 X 10~°. This corresponds 
to an 11 fold increase in twin-contact failures just due to an initial con- 
tamination sp of 0.1 per cent. This performance is also 1100 times worse 
than the idealistic performance of P; = P,? = 10°”. 

By operation, the performance of twin contacts will exponentially 
deteriorate according to equation 7. It will asymptotically approach a 
constant rate of failure given by: 


_ p? z Le he 
(P:).. = P; (L+ 2nf.) + 2Ps soe (9) 


This is independent of the initial contamination so and is practically 
reached in a number of operations: 


(nt). = 8/(P.(8 — 2f,)) (10) 
The worst performance of twin contacts is obtained when f,, = 0, i.e., 
Yf Y 


DUST PARTICLE 
—— CAUSING OPEN 
CONTACT 


~~. DUST PARTICLE 
JUST CLEARED 





— DIRECTION 
OF WIPE 





Fig. 3 — Particle in open zone. 
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FRACTION CLEARED, f 





Fig. 4 — Accumulative probability distribution of fraction cleared “f’? versus 
(Nx¢/d). 


every half-open persists indefinitely, and is given by (P:),, = 24P,.In 
other words, by replacing single contacts by twin contacts the frequency of 
failures is decreased by only one third. In practice, however, f., is rarely 
that low and under the wide variety of central office conditions it may 
range between 0.85 and 0.98. This corresponds to a range of performance 
of P; = 0.23 P; to 0.038 P, or the frequency of twin-contact failures is 
about 14 to 4¢ that of single contacts. 


CLEARING AN OPEN BY MECHANICAL OPERATION 


Introduction 


Fig. 3 shows a diagrammatic sketch of the contact area with spherical 
particles preventing metallic contact. The surface irregularity has a 
slope g and the particle diameter is d. It is evident that the particle will 
produce an open if it falls within a limiting radius 7) = d/y. The area 
within 79 is called the ‘open zone.” For a particle at a radius r within 
the open zone, mechanical wipe w will tend to displace the particle at an 
angle 6,0 S 6 S 2r. The open is cleared when the particle is displaced 
a distance X sufficient to drive it out of the open zone. For unidirectional 
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wipe, if the average displacement per operation is x, the number of opera- 
tions required to clear an open is N = X/v. Since, however, the initial 
location of the particle r has a triangular probability distribution, 0 < 
r S 70, and the direction of wipe @ has a rectangular distribution, 0 < 
6 = 27, the number of operations for clearing must have a corresponding 
probability distribution. This has been determined graphically and is 
shown in Fig. 4. This is an accumulative probability distribution of the 
fraction cleared “‘f’’ versus (Nx¢/d). It indicates that 50 per cent of the 
opens will clear at (Nxg/d) = 0.8 and 100 per cent at 2.0. The cor- 
responding number of operations N can be determined only if z is known* 
under the operating conditions. By increasing the contact wipe w one 
may expect x, the average displacement per operation, to increase. Also 
by increasing the force, the frictional driving force will increase and x 
should also increase. One may, therefore, tentatively assume that x is 
proportional to wf” and the distribution function may be put in the 
form f = f(Nw*F’), keeping all the other parameters fixed. This suggests 
that by varying the contact wipe w and the contact force I’, the distribu- 
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Fig. 5 — Effect of wipe. 


* For a certain surface roughness ¢ and particle size d. 
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tion function f should be unique if plotted against Nw*F’ where the a 
and 6 are constants to be determined experimentally. 


Lixperiment 


Cotton lint fibres and clean contact surfaces were used exclusively in 
this study. The fibres were essentially in the form of ribbons a few 
microns thick and of variable width and length. By using a. dust sepa- 
rator,* lint fibres with a well controlled size distribution were collected 
on a glass plate. The setting used gave a rather uniform monolayer of 
fibres 80 per cent of which had a width between 10 and 20 microns. 

The contacts tested were flat and made of palladium.t They were 
cleaned with methyl alcohol and distilled water, then dried. The col- 
lected lint fibres were transferred to the surface of one contact by a 
special adapter which allows the pressing of the contact on the glass 
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Fig. 6 — Effect of force. 


* Based on controlling sedimentation by adjusting air speed in a two-stage 
separator. 

+ Contact surface roughness was controlled by frequently polishing the contact 
surfaces by a fixed process. 
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plate with the fibres. The pressing force was the same as that used in the 
subsequent operation of the contacts. The contacts were then operated 
at four operations per second in a sealed compartment. After each 
closure a checking circuit using 48 volts, and a maximum current of 
0.50 amp., checked the continuity in the contacts. When the open was 
cleared the unit automatically stopped and the corresponding number of 
operations was obtained from a counter. The maximum number of opera- 
tions allowed for each run was 2,000. For one set of operating conditions, 
it was necessary to repeat the above for at least 150 times before a repre- 
sentative clearing distribution was obtained. 


Results 


Effect of wipe: Fig. 5 shows the results obtained for a range of wipes 
between 0.006 and 0.025 cm at a constant force of 10 grams. As expected, 
the clearing rate was higher for larger wipes. 

Effect of force: Fig. 6 was obtained at a constant wipe of 0.006 cm and 
a set of forces between 5 and 80 grams. Large forces gave higher clearing 
rates. The effect of changing the force, however, is not as significant as 
that of changing the wipe. 

As outlined in the preceding introduction, the above data was replotted 
as fraction clearing f versus Nw*F’. The results are shown in Fig. 7 with 
a = 3and b = 1.0. As indicated, the points converged to a single average 
line with comparatively small spread.* This shows that, at least for the 
range covered, the change in clearing rate obtained by changing the wipe 
say by a factor of two can also be obtained by changing the force by a 
factor of 8. 

To determine the persistency (1 — f,,), one may choose an arbitrary 
number of operations for defining it. If 2,000 operations is chosen, one 
may determine from the above data the fraction, (1 — feo), that will 
persist to beyond 2,000 operations. This was done and the results are 
plotted in Fig. 8 as (1 — fe,o0) versus Fw. This suggests the follow- 
ing relation: 


(1 = an is oF 1/Sw/0.006 (11) 


where F is in grams and w in cms. This expression allows the determina- 
tion of the effects of force and wipe on the performance of twin contacts 
by substituting in Equations 7’ through 10. Similarly the average number 
of operations 7i, used in the above equations, may be obtained. This may 


* This same convergence was obtained, but not presented here, by plotting f 
versus NF at constant w and f versus Nw? at constant F. 
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Fig. 8 — Persistency of opens at 2,000 operations. 
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Fig. 9 — Effect of other parameters. 
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be arbitrarily defined as the number of operations at which 50 per cent 
of the opens will have cleared. At this or any other value of f one obtains 
from Fig. 7 iFw* = constant or 7 is inversely proportional to Fw’. 


OTHER EFFECTS 


Fig. 9 shows the results obtained by varying other parameters. The 
solid line, obtained from Fig. 7 is shown for comparison. Indicated are 
the effects of fine polishing and rough polishing of the contact surfaces 
and of increasing the mass of the moving contact from 0.5 to 4 grams. 
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